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Preface 


Nanostnictured  materials  are  usually  denned  as  having  some  length  scale  smaller  than 
ItX)  nm  in  at  least  one  dimension.  An  imponant  subset  of  this  group  of  materials  is 
powders  with  particle  size  less  than  100  nm,  and  polycrystalline  materials,  made  by 
consolidating  these  powders  in  such  a  way  as  to  retain  a  grain  size  below  this  limit  The 
choice  of  100  nm  stems  from  the  fact  that  many  physical,  optical,  and  magnetic  properties 
have  characteristic  lengths  in  this  range.  As  grain  or  particle  size  is  reduced  below  this 
characteristic  length,  the  properties  associated  with  these  phenomena  are  radicall>  altered 
A  frequently  cited  example  is  the  freezing  out  of  mechanisms  for  generating  glissile 
dislocations.  Another  reason  for  expecting  remarkable  properties  in  nanostructured 
polycrystalline  materials  is  the  very  high  proportion  of  atoms  at.  or  near,  grain  boundaries 
(as  high  as  fifty  percent  or  greater  for  grain  sizes  below  five  or  ten  nanometers).  This 
leads,  for  example,  to  very  rapid  diffusion  coupled  with  very  short  diffusion  distances. 

Nanostructured  materials  have  been  around  for  many  years  Two  examples  are  carbon 
black  (for  automobile  tires)  and  TiO,  (for  white  paint).  The  current  interest  in  these 
materials  dates  back  to  the  pioneering  work  of  Gleiter  and  coworkers  at  Saarlande.s  on  gas 
condensation  of  ultrafine  particles.  In  this  technique,  the  particles  are  precipitated  from  a 
siqiersaturated  metallic  vapor  and  swept  by  convection  currents  to  a  cold  finger  where  they 
are  collected.  Since  then,  the  number  of  methods  for  synthesis  (as  well  as  the  number  of 
materials  synthesized)  has  grown  steadily.  They  generally  fall  into  two  categories: 
physical  and  chemical.  Another  example  of  a  physical  method  is  mechanical  attrition,  in 
which  a  material  is  severely  deformed  in  a  high  energy  ball  mill,  prixiucing  an  incre.isinely 
dense  dislocation  network  which  ultimately  collapses  into  nanoscale  grain  boundaries, 
(.'hemical  methods  rely  on  sine  or  more  chemical  reactions  to  form  the  nanoscaiv  p  'rticles. 
For  example,  a  precursor  may  be  decomposed  during  passage  through  a  hot  w,il(  reactor 
In  another  technique,  called  spray  conversion,  water  soluble  precursors  arc  spray  dried  lo 
form  micron-sized  panicles,  reduced  in  a  fluid  bed  reactor,  and  then  carburized  (for 
example)  in  the  same  reactor  I-  one  of  the  most  unusual  methods,  the  chemistry  is  carried 
out  in  the  very  high  temperature  and  pressure  of  a  detonation  from.  prop.agating  in  an 
explosive.  Namvrystalline  diamonds  have  been  synthesized  by  this  method  with  very  high 
yield.  In  what  is  perhaps  the  most  recent  example,  nanoscale  panicles  are  formed  inside 
vesicles  within  anificlal  membranes.  As  suggested  by  the  title  of  this  symposium, 
nanostructured  matcriafs  are  being  designed  and  synthe,sized  from  the  molecule  up,  as 
envisioned  by  Richard  Fey  nman  many  years  ago. 

The  list  of  applications  for  nanosoale  powders  and  "nanocrystalline"  materials  is 
enormous  and  keeps  growing.  An  obvious  example  of  the  use  of  unconsolidated  powder  is 
in  the  field  of  catalysis,  where  the  very  large  surface-to- volume  ratio  and  altered  surface 
chemistry  leads  to  significant  improvements  in  the  performance  of  various  catalysts 
Another  is  in  the  fabrication  of  arrays  of  particles  for  use  in  devices  based  on  quantum 
confinement  Nanoscale  powders  have  be-cn  consolidated  into  nanost  ctured  metals, 
intermetallics  and  ceramics  The  use  of  nanoscale  powders  provide  many  advantages, 
regardless  of  whether  the  final  product  is  nanocrystalline.  For  example,  the  use  of 
nanoscale  ceramic  powder  greatly  reduces  the  required  sintering  temperature  The  need  for 
hot  isostatic  pressing  can  be  eliminated.  Applications  for  consolidated  materials  include, 
very  hard,  wear-resistant  coatings;  ceramics  with  improved  strength  and  toughness; 
superparamagnetic  materials  for  magnetic  refrigeration;  net  shape  forming  via  superplastic 
deformation;  and  transparent  ceramic  windows,  to  name  only  a  few. 

Progres.s  in  synihe,sis  has  been  very  rapid  Several  materials,  including  ceramics  and 
cermets  are  commercially  available,  in  some  cases  in  ton  quantities  (Co/WC).  The 
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emphasis  of  research  and  development  has  been  on  finding  ways  to  produce  unagglomerated 
particles  with  controlled  sizes  and  very  narrow  size  distribution.  Other  important  con¬ 
siderations  are  cost,  scalability,  and  environmental  impact.  Progress  in  consolidation  has 
been  somewhat  slower.  This  is  partly  due  to  the  need  to  understand  mechanisms  of 
sintering,  grain  growth,  and  grain  growth  inhibition.  Rapid  progress  is  now  being  made  in 
several  areas,  including  oxide  ceramics,  cermets,  ferrous  alloys,  and  intermetallics 
(especially  aluminides).  Opportunities  exist  in  the  areas  of  non-oxide  ceramics  (especially 
nitrides),  and  ceramic  matrix  commposites,  to  name  only  two.  Progress  in  consolidation 
has  enabled  investigations  of  the  mechanical  properties  of  bulk  nanocrystalline  materials,  as 
well  as  structure  property  relationships.  Ultimately,  it  should  te  possible  to  engineer 
nanoscale  materials  from  the  molecule  up  to  the  macroscopic,  in  order  to  achieve  specific 
desired  properties. 

The  diversity  of  applications  for  nanostructured  materials,  combined  with  an  explosive 
growth  of  interest  and  activity  in  this  field,  has  led  to  problems  of  communication  between 
various  scientific  communities,  each  with  their  own  special  needs  and  interests.  Scientists 
and  engineers  are  frequently  unaware  of  the  progress  m„de  by  people  from  other,  seemingly 
unrelated  fields.  It  is  vital  that  a  dialog  between  different  communities  be  established. 

This  symposium  is  a  major  step  in  that  direction.  Previous  meetings  have  tended  to  attract 
the  same  group  of  people.  A  comparison  of  the  list  )f  contributors  to  this  proceeding  with 
previous  topical  conferences  shows  the  large  numbe.  of  "new  faces  "  Hopefully,  this  is  the 
start  of  a  healthy  trend.  Ultimately,  successful  exploitation  of  nanoscale  materials  by 
industry  will  require  the  best  efforts  of  chemists,  physicists,  materials  scientists,  chemical 
engineers,  and  even  biologists,  together  with  "real  world”  industrial  engineers. 

Lawrence  T,  Kabacoff 
Materials  Division 
Office  of  Naval  Research 

May  31,  1994 
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PART  1 


Synthesis  and  Properties  I 


THE  PREPARATION,  CHARACTERIZATION  AND  APPLICATION  OF 
ORGANOSOLS  OF  EARLY  TRANSITION  METALS 


HELMUT  BONNEMANN*  AND  WERNER  BRIJOUX 
Max-Planck-lnstKut  liir  Kohlenforschung,  Kaiser-Wilhelm-Platz  1 , 
45470  Mulheim  an  der  Ruhr,  Germany 


ABSTRACT 

Colloidal  early  transition  metals  are  of  great  interest  in  both  powder  technology 
and  catalysis.  We  report  a  new  process  for  preparing  organosols  of  zerovalent  Ti,  Zr, 
V,  Nb  and  Mn 


INTRODUCTION 

The  reduction  of  TiCU  with  K(BEf3H]  gives  an  ether-soluble  [Ti{0)  0.5  THFJx 

which  serves  as  a  catalyst  for  the  hydrogenation  of  titanium  or  zirconium  sponges  and 
related  systems  and  as  a  powerful  activator  for  heterogeneous  hydrogenation 
catalysts.  X-ray  photoelectron  spectroscopy  and  EXAFS  analysis  support  the  oxidation 
state  of  zero  for  the  titanium.  By  analogous  reduction  of  the  THF-adducts  of  Zr-,  V-, 
Nb-,  and  Mn-halides,  the  corresponding  ether-soluble  colloids  of  these  early  transition 
metals  may  be  obtained 


PREPARATION  OF  EARLY  TRANSITION  METAL-COLLOIDS 

The  reduction  of  TiC^  2THF  or  TiCis  •  3THF  in  THF  solution  with  KtBEtsH] 
within  2h  gives  a  brown-black  solution  under  the  evolution  of  Hg  from  which  about  90% 
of  the  precipitated  KCI  can  be  removed  by  filtration.  After  vacuum  evaporation  of  the 
solvent  and  BEts  (identili.id  by  ^^B-NMR  spectroscopy)  a  black  residue  is  obtained 
which  is  extracted  with  THF.  This  THF  solution  is  treated  with  pentane  to  give  a  brown- 
black  precipitate  in  step  1.  (Equ.  1), 


1.  2  h,  40°C,  THF 

X  •  [TiCl4  2  THF]  +  x  ■  4  K[BEt3H]  - ► 

2.  -THF,  -BEtg,  -Hg 


[Ti  •  0.5  THFJx  +  X  •  4  KCI 

1 


(1) 


3 
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After  thorough  drying  in  vacuo  the  pyrophoric  powder  1  is  obtained  along  with  small 
amounts  of  KCI  (identified  by  X-ray  diffractbn).  Quantitave  measurements  of  the  gas 
evolved  during  the  reduction  (1  mol  H2  per  mol  Ti),  protonolysis  and  cross  experiments 
using  K[BEt3D]  as  the  reducing  agent  in  (1)  show  that  the  product  of  step  1.  still  has 
various  amounts  of  residual  hydrogen.  The  hydrogen  is  removed  in  vacuo  to  give  1 
(step  2.)'  1  readily  dissolves  in  THF  and  ether  but  is  insoluble  in  hydrocarbons  such  as 
pentane.  For  experimental  details  see  [1]. 

The  IR  spectrum  of  1  shows  intact  THF  coordinated  to  the  metal  core.  Further 
characterization  of  1  by  X-ray  diffractometry,  XPS,  and  EXAFS  [1]  supports  its 
description  as  colloidal  titanium  stabilized  by  complexed  THF  and  containing  residual 
hydrogen  (Fig.  1). 


THF  THF 


Fig  1 .  Ether  soluble  (Ti(0)  •  0.5  THFJx 


The  corresponding  Zr-colloid  was  isolated  by  adding  the  THF-solution  after 
filtration  from  KCI  slowly  to  pentane,  where  the  Zr-colloid  precipitates.  The  workup  of 
the  V-and  Nb-colloids  was  performed  similarly.  The  reduction  of  the  THF-adduct  to 
MnBr2  at  40°C  yielded  a  stable,  isolated  [Mn  •  0.3  THFJx  colloid  containing  typically 
60%  Mn. 


X  [MnBra  2  THF]  +  x  2  KlBEtaH] 


THF 

- ► 

Zh.WC 


[Mn  0.3  THFJx  +  x  2  BEta  +  x  ■  2  KBr  +  x  •  H2T  (2) 

Ir  and  NMR  data  of  the  colloid  show  intact  THF  coordinated  to  Mn.  There  is  no 
evidence  for  ether-cleavage.  HRTEM  showed  the  fringes  of  Mn-particles  of  the  size  1  - 
2.5  nm.  An  EOX-analysis  of  the  Mn-nanoparticles  showed  no  bromide  to  be  present. 
This  result  confirms  the  assumption  that  colloidal  Mn(0)  was  formed. 


EXPERIMENTAL  PROOFS  OF  ZEROVALENT  COLLOIDAL  TI 

The  protonolysis  of  1  with  2N  HCI  provided  1.5-2  mol  of  H,  per  mol  of  titanium. 
Theoretically,  1.5  mol  Hg  are  expected  for  Ti®.  This  shows  that  in  1  Ti®  has  various 
amounts  of  residual  hydrogen. 
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According  to  the  IR  spectrum  of  1  intact  THF  is  coordinated  to  the  metal  center. 
Neither  the  IR  nor  NMR  spectra  give  evidence  of  Ti-txjund  hydrogen.  Likewise, 
there  is  no  spectroscopic  proof  of  a  cleavage  of  THF  by  Ti°.  In  the  X-ray  diffractogram 
of  1  besides  the  reflections  of  the  KCI  impurity  only  a  diffuse,  small  peak  at  20  =  30°  is 
seen,  the  position  of  vrfiich  matches  that  of  the  peak  of  amorphous  titanium.  The 
accompeinying  lattice  distance,  approximately  0.3  nm,  corresponds  to  that  in  the  metal. 
In  the  XPS  spectrum  of  1  (Fig.  2d)  the  Ti2p  peak  is  found  2.3  eV  higher  in  energy  than 
in  the  spectrum  of  TiO,  (Fig.  2a).  AKhough  metallic  titanium  as  finely  divided  as  1  was 
not  available  for  control  experiments,  it  can  be  deduced  from  the  XPS  spectra  (Fig.  2) 
that  titanium  in  1  is  almost  as  reduced  as  titanium  metal. 


Tl  2p 


A'v. 


d) 


energy 


Fig.  2.  XPS  spectra  (double  peak  TKp^yg  T^'^Pg^)  of  a)  TiOg, 
b)  TiOg  from  1,  c)  a  sample  of  1  with  an  oxidized  sunace, 
d)  Ti  0.5  THF  n  =  number  of  recorded  pulses. 


The  lack  of  the  typical  broad  peak  between  990  and  1010  eV  for  1  indicates  the 
absence  of  TiOg  (no  oxidation  of  the  sample  during  the  measurement).  As  a 
comparison  for  the  measured  values,  the  cun«s  from  TiOg  produced  from  1  (Fig.  2b) 
and  from  an  oxidized  sample  (Fig.  2c)  are  also  displayed. 

Two  titanium-hydrogen  compounds  are  known.  a-TiH^  (a  <  0.46)  can  be  des¬ 
cribed  as  elemental  titanium  with  incorporated  hydrogen,  whereas  p-TiH 
(ca.  1  <  y  <  2)[2]  has  a  CaFg-type  structure.  The  radical  distribution  function  of  an 
initial  EXAFS  analysis  fitted  with  the  experimentally  determined  titanium  phase  function 
(of  titanium  metal)  shows  three  shells  of  titanium  for  1  with  the  Ti-Ti  distances  listed  in 
Table  1.  A  hexagonal  structure  type  similar  to  that  of  a-titanium  can  be  deduced  from 
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these  values.  The  lattice  is  somewhat  expanded  [3],  possibly  by  the  included  hydro¬ 
gen. 

The  characterization  of  1  up  to  this  point  supports  its  description  as  colloidal 
titanium  stabilized  by  complexed  THF  and  containing  included  residual  hydrogen.  The 
determination  of  the  particle  size  by  transmission  electron  microscopy  has  not  been 
conducted. 

The  analogous  reouction  of  ZrCI^  with  K(BEt3H]  in  THF  also  provided  a  product 
soluble  in  THF;  its  composition  was  determined  to  be  34.1  %  C,  8.0  %  H,  11.4  %  O, 


Table  1 .  Comparsion  of  the  Ti-Ti  distances  in  1,  a-Ti  and  p-TiH, 


Shell 

1 

a-Ti 

(a  =  2.952,  c=  4.689  A  [4]) 

^^'^1.971 
(a  =  4.440  A  [4]) 

1 

2. 96  A 

2.90  Al 

2.95 

3.14  A 

2.95  A 

2 

4.21  A 

4.14  A 

4.44  A 

3 

5.68  A 

5.85  A 

5.44  A 

3.7  %  B,  5.2  %  Cl,  17.9  %  K,  and  19.4  %  Zr.  The  purification  and  closer  characteriza¬ 
tion  are  not  yet  complete. 


SOME  APPLICATIONS  OF  EARLY  TRANSITiONMETAL-COLLOIDS 


Besides  the  appi  cation  of  1  as  dopant  for  noble  metal  hydrogenation  catalysts, 
the  colloidal  [Ti(0)  ■  0  5THF]x  has  been  found  to  be  a  very  efficient  catalyst  for  the 
hydrogenation  of  titanium  and  zirconium  sponges  as  well  as  for  a  nickel  hydride 
battery  alloy.  The  uncatalyzed  hydrogenation  of  titanium  or  zirconium  sponges  using 
compressed  hydrogen  affords  pressures  above  100  bar  and  minimum  reaction  tem¬ 
peratures  of  150°C.  The  hydrogenation  of  these  metals  under  such  drastic  conditions, 
however,  is  associated  with  unwanted  sintering  of  the  materials  so  that  the  products 
can  only  be  used  after  additional  grinding.  After  the  addKion  of  1%  Tl  (present  in  1)  to 
the  metal  sponges  a  smooth  hydrogenation  of  titanium  and  zirconium  is  observed  at 
low  temperatures  (60°  -  90°C).  The  reaction  may  be  carried  out  in  THF  solution, 
toluene  suspension  or  in  the  dry  state  after  depositing  the  catalyst  on  the  surface  of 
the  samples  by  evaporation  of  the  solvent  in  vacuo.  Using  a  special  device  [5],  the 
mass  specific  uptake  of  hydrogen  depending  on  pressure,  temperature  and  time  was 
monitored  automatically.  Fig.  3  shows  the  typical  course  of  the  hydrogen  uptake  during 
the  hydrogenation  of  a  titanium  sponge  at  60°C  catalyzed  by  1%  Ti  in  the  form  of  1. 
After  a  certain  latent  period  with  only  negligible  uptake  of  H2  an  abrupt  start  of  the 
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catalytic  hydrogenation  occurs;  followed  by  a  period  of  rather  constant  H2-uptake 
(denoted  as  the  "hydrogenation  period").  Towards  the  end  of  the  H2-uptake  the 
reaction  turns  into  a  slow  decay. 


Fig.  3.  Hydrogenation  of  Ti  sponge  catalyzed  by  1 


An  inspection  of  Fig.  4  shows,  that  the  mass  specific  hydrogenation  time  [min/g] 
detected  for  1  g  of  titanium  sponge  at  100  bar  H2  in  the  presence  of  the  catalyst  is 
constant  between  60°  and  90°C.  practically  constant  in  THF  and  toluene  and  even  in 
the  absence  of  a  solvent.  Significant  differences,  however,  occur  with  regard  to  the 
latent  period.  If  the  catalytic  hydrogenation  of  tHanium  sponge  is  performed  at  very  low 
hydrogen  pressure  (5  bar),  a  prolonged  reaction  time  is  required.  In  case  of  the  Ti(0)- 
catalyzed  hydrogenation  of  zirconium  sponge  at  60°C  in  THF  no  latent  period  was 
observed. 


Maas  apacMc  hy^ogentfan  ttna  [mIrVal 


airc  sere  9(rc  airc  etre 

THF  lokiana  iMtioUaolv.  ailuana  THF 

tOOtiar  lOObar  lOObar  Sbar  lOObar 


Fig.  4.  Influence  of  temperature,  solvent,  and  pressure  in  the 
hydrogenation  of  Ti  and  Zr  sponges  catalyzed  by  1 
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A  welcome  benefit  of  the  Ti(0)-catalyzed  hydrogenation  process  is  that  the 
compact  titanium  and  zirconium  sponges  break  down  during  the  H^-uptake  forming 
finely  divided  hydride  powders. 

X-ray  diffraction  of  the  products  has  provided  an  unambiguous  identification  of 
T1H2  and  ZrH2.  Protonolysis  of  the  dry  h^rides  with  5n  HCI  liberates  98%  of  the 
theoretically  expected  amount  of  H2. 

An  interesting  application  of  the  Ti(0)-cataiyzed  metal  hydrogenation  process  is 
the  pressureless  hydrogenation  of  a  Ni/ZrA//Ti/Cr  alloy  at  room  temperature.  The 
corresponding  hydride  of  this  special  alloy  (38.2%  Ni,  24.3%  Zr,  12.8%Ti  18.7%V, 
6.0%  Cr)  is  of  current  interest  for  electrochemical  purposes  (Nickel  hydride  battery). 
However,  the  hydrogenation  at  room  temperature  affords  5  bar  hydrogen  pressure  and 
even  under  these  conditions  an  unwanted  latent  period  occurs.  After  doping  the 
surface  of  the  alloy  with  1  wt.-%  of  soluble  Ti(0)  using  1  as  the  precursor,  a 
spontaneous  uptake  of  0.6  -  0.7  wf.-%  hydrogen  is  observed  at  room  temperature 
without  applying  pressure. 
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ABSTRACT 

Metal  particles  are  generated  via  the  spontaneous  reduction  of  Ag'*'  and  AuCla  ions  by  solvent 
molecules  that  takes  place  in  air-saturated  alcoholic  solutions  containing  hydroxide  ions.  Changes 
in  the  plcsmon  band  of  the  Ag  particles  are  observed  when  the  metal  particles  are  in  contact  with 
AgsO  particles.  The  optical  changes  are  explained  in  terms  of  surface  effects  of  the  metal  particles. 
I  .arger  shifts  of  the  Au  plasmon  band  and  light  scattering  were  observed  at  the  initial  stages  of  the 
particle  formation  process.  These  effects  ate  explained  in  terms  of  formation  of  networks 
consisting  of  small  metal  particles.  It  is  proposed  that  generation  of  small  Au  particles  occurs 
mainly  on  silica  surfaces,  and  that  particle-networks  are  formed  when  small  particles  desorb  from 
the  surfaces. 


INTRODUCTION 

Small  metal  particles  continue  to  receive  considerable  attention  because  of  their  novel  physical 
and  chemical  properties. '  "3  For  example,  the  optical  properties  of  small  Ag  and  Au  particles  are 
influenced  by  particle  size,  particle  shape  and  surface  effects.^-^  A  convenient  way  to  study  these 
effects  consists  in  using  colloidal  solutions  of  the  metals.^ 

A  simple  method  for  the  preparation  of  small  colloidal  Ag  and  Au  particles  is  presented  here. 
The  general  procedure  is  based  on  the  instability  of  some  met^  complexes  in  basic  ^cohols,  which 
results  in  the  reduction  of  the  metal  ions  at  room  temperature.  The  present  report  is  centered  on 
preparation  methods,  some  kinetic  aspects  of  the  particle  formation  process,  as  well  as 
characterization  of  colloids  produced  by  the  spontaneous  reduction  of  Ag*  and  AuCU"  ions  in  air- 
saturated  alcoholic  solutions  containing  hydroxide  ions. 


EXPERIMENTAL  SECTION 

Methanol,  2-propanol,  NaOH  (Fisher),  AgNOs,  NaAuCLj  •  2H2O  (Aldrich),  and  SDS  (MCB) 
were  used  as  received.  Unless  otherwise  stated,  all  chemical  reactions  were  performed  at  room 
temperature.  Stock  solutions  of  powdered  Nafion  117  (Aldrich)  containing  5%  (wt)  of  the 
strongly  acidic  material  (equivalent  weight  of  1,100  g/equiv.)  were  neutralized  prior  to  ad^tion  to 
the  NaAuCla  solutions.  Suspensions  of  Si02  particles  were  prepared  by  sonicating  0.02  g  of  Cab- 
O-Sil  HS-5  fumed  silica  (Cabot,  average  diameter  =  8  nm)  in  0, 1  L  of  methanol.  For  Au  colloids, 
0.75  mL  of  a  2  X  10-7  M  NaOH  solution  in  methanol  was  added  to  about  45  mL  of  a  methanolic 
solution  of  NaAuCIa  and  stabilizer.  The  volume  was  adjusted  to  50  mL  with  alcohol  under 
stirring,  and  the  final  concentrations  were  10^  M  NaAuCli,  3  x  10^  M  NaOH  and  10'7  M  SDS  or 
lO'**  N  Nafion.  To  avoid  irreproducible  results  Au  colloids  were  prepared  in  polypropylene 
volumetric  flasks  and  in  the  absence  of  ambient  light  (the  gold  complex  is  sensitive  to  visible  hght). 
Colloidal  Ag  were  prepared  from  2-propanol  solutions  containing  2.5  x  10"^  M  AgNOs,  5  x  10^ 
M  NaOH  and  4  x  ICH  N  Nafion.  Non-neutralized  Nafion  was  used  in  this  case. 

A  Hitachi  U-2000  spectrophotometer  was  utilized  for  optical  absorption  determinations,  and 
the  spectral  changes  were  monitored  in  1  cm  quartz  or  Pyrex  optical  cells.  X-ray  diffraction 
(XRD)  experiments  were  performed  with  a  Siemens  D5000  powder  diffractometer.  Transmission 
electron  microscopy  (TEM)  were  carried  out  with  a  JEOL  1200-EX  microscope. 
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Fi{^re  1.  Evolution  of  the  optical  spectra  during  formation  of  Ag  particles. 


RESULTS 

A  bright  yellow  solution  was  slowly  formed  when  hydroxide  ions  were  added  to  an  air- 
saturated  alcoholic  solution  of  Ag+  ions.  The  evolution  of  the  absorption  spectra  with  lime  is 
presented  in  Figure  1.  Between  5  and  16  min,  a  broad  absorption  centered  at  410  nm  developed. 
At  longer  reactions  times  the  absorption  band  narrowed  and  shifted  continuously  to  shorter 
wavelengths.  The  shifts  in  the  absorption  band  ceased  after  about  5  h,  at  which  point  a  narrow  and 
strong  absorption  band  centered  at  390  nm  was  obtained.  Afterwards,  only  a  slow  but  continuous 
increase  in  the  intensity  of  the  390  nm  band  was  noticed.  The  evolution  of  the  optical  spectra  was 
completed  in  about  10  hours,  and  the  final  spectra  is  shown  in  Figure  2.  XRD  and  TEM 
measurements  of  the  yellow  colloid  indicated  that  it  consisted  of  nearly  spherical  Ag  particles;  the 
most  frequent  particle  size  was  4.5  nm  and  the  statistical  average  particle  size  was  7.4  nm.  Large 
AgzO  particles  and  also  a  few  metal  particles  were  observed  in  TCM  experiments  with  solutions 
prepared  at  -45  C.  These  results  suggest  that  silver  oxide  is  initially  formed  through  the  reaction 
between  Ag+  ions  and  OH'  ions. 

Colloidal  Ag  particles  prepared  in  2-propanol  with  Nafion  are  vety  stable  toward  agglomeration 
or  oxidation  by  air  despite  of  their  small  size.  Illumination  of  evacuated  colloids  at  290  nm  or 
irradiation  of  air-saturated  colloids  with  photons  of  X  >  380  nm  produced  no  change  in  the  optical 
spectra  of  the  particles.  However,  the  band  centered  at  about  390  nm  decreased  in  intensity  and 
shifted  to  longer  wavelengths  with  increasing  time  when  colloids  were  illuminated  with  light  of 
290  nm  in  the  presence  of  air  (Figure  2).  At  irradiation  times  longer  than  64  min  the  absorption 
decreased,  but  remained  constant  at  about  410  nm.  The  decay  in  optical  density  was 
exponential  with  time  and  a  rate  constant  of  4.8  x  10"^  s'l  was  determined  from  a  first  order  plot  of 
the  data.  As  shown  in  Figure  3,  micron-size  polycrystalline  Ag20  particles  as  well  as  small  Ag 
particles  were  present  in  a  colloid  irradiated  for  810  min. 
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Figure  3.  TEM  image  of  an  Ag  colloid  illuminated  for  810  min  with  290  nm  light. 

Addition  of  hydroxide  ions  to  an  air-saturated  methanolic  solution  of  AuCU"  ions  and 
Nafion  resulted  in  a  slow  evolution  of  the  absorption  spectra  with  time,  as  shown  in  Figure  4. 
Broad  absorption  bands  were  observed;  shifted  initially  to  590  nm  and  then  slowly  to  540  nm 
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Wavelength  (nm) 

Figure  4.  Spectral  changes  during  formation  of  an  Au  colloid  stabilized  with  Nation. 

at  the  later  stages  of  the  reaction.  The  resulting  colloids  were  transparent  and  stable  for  several 
weeks.  They  consisted  of  near-spherical  (faceted)  metal  particles  with  an  average  diameter  of  57 
nm  (Figure  5).  Our  results  are  in  good  agreement  with  previous  observations  on  Au  particles  in 

water  (Xmax  =  536  nm  for  daverage  =  60  nm).5 

Shifts  in  Xtnax  at  wavelengths  longer  than  500  nm  similar  to  those  shown  in  Figure  4  were 
detected  in  all  coiioid  preparations.  In  general,  a  turbidity  developed  as  the  absorption  bands 
shifted  to  longei  wavelengths  and  it  faded  away  when  the  bands  shifted  to  shorter  wavelengths. 
Changes  in  optical  density  at  560  nm  were  used  to  follow  the  kinetics  of  the  initial  step  of  the 
particle  formation  reaction.  Typical  results  are  presented  in  Figure  6.  Curves  a-c  were  measured 
in  quartz  cells  and  correspond  to  the  changes  in  absorbance  of  solutions  containing  SDS.  Nafion 
and  no  stabilizing  agent,  respectively.  Au  particles  were  formed  with  an  apparent  first-order  rate 
constant  of  kapp  =  2  x  lO"^  min’'  in  SDS  solutions,  and  with  kapp  =  3.7  x  10'7  min  ’  in  solutions 
with  Nafion. 

The  rate  of  the  Au  particle  formation  process  in  methanol  was  strongly  affected  by  the  nature  of 
the  container  used  to  store  the  reacting  mixture.  For  example,  formation  of  particles  was 
completed  after  a  few  hours  when  the  basic  AuCU  solutions  were  kept  in  Pyrex  volumetric  flasks, 
whereas  hardly  any  reaction  was  noticed  after  24  h  when  polypropylene  containers  were  utilized. 
Therefore,  solutions  containing  the  gold  complex  were  mixed  with  base  in  polypropylene  vessels 
and  sample  of  the  mixture  was  immediately  transferred  to  optical  cells  where  the  reaction  was 
allowed  to  proceed.  Curve  d  in  Figure  6  was  measured  using  a  Pyrex  cell  and  shows  the  evolution 
of  the  absorbance  at  560  nm  with  time  for  a  solution  of  NaAuCU.  NaOH  and  SDS.  A  fast 
formation  of  particles  (kapp  =  0.14  min  ’)  followed  after  an  induction  period  of  20  min.  Since 
solutions  with  the  same  chemical  composition  were  employed  in  the  experiments  with  a  quartz  cell 
(  curve  a)  and  with  a  Pyrex  cell  (curve  d),  the  results  presented  in  Figure  4  indicate  that  the  rate  of 
metal  particle  formation  was  affected  by  the  type  of  surface  that  is  in  contact  with  the  solution. 
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Figure  5.  TEM  image  of  an  Au  colloid  prepared  in  the  presence  of  Nafion. 


Figure  6.  Evolution  of  the  absorption  at  560  nm  in  solutions  containing  10  '’  M  NaAuCla,  3  x 
10  '*  M  NaOH  and;  curve  a,  10^3  M  SDS;  curve  b,  10^  N  Nafion;  curve  c,  no  stabilizer.  Results 
were  obtained  using  quartz  cells.  Curve  d;  lO"^  M  SDS.  measured  in  Pyrex  cells. 
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DlSfl  SSION 


I'hc  red  shifts  of  the  metal  plasmon  band  during  the  formation  of  Ag  particles  can  be  correlated 
111  surface  effects  that  rxicur  when  the  diameter  of  the  metal  particles  is  small. ^  Shifts  of  the  metal 
plasmon  band  m  the  opposite  direction  are  observed  during  the  pholooxidation  of  the  metal 
panicles,  indicating  that  they  anse  when  metal  and  oxide  panicles  coexist.  Formation  of  small  Ag 
panicles  on  the  surface  of  large  oxide  panicles  will  result  in  electronic  interactions  between  the  two 
types  ot  materials  because  AgyO  has  semiconducting  properties.  Thus,  the  surface  effects  of  the 
metal  particles  are  related  to  metal-semiconductor  interactions.  The  shifts  in  the  plasmon  band  of 
colloidal  Ag  are  explained  under  the  assumption  that  transfer  of  electron  density  from  the  metal  to 
the  oxide  takes  place  when  small  Ag  particles  are  formed  on  the  surface  of  Ag20. 

Very  broad  plasmon  bands  and  stronger  shifts  of  the  plasmon  bands  were  observed  during 
the  formation  of  Au  particles.  However,  it  is  not  possible  to  explain  these  effects  under  the 
assumption  that  they  originate  from  surface  and  size  effects,  because  smaller  shifts  (10  to  20  nm) 
arc  usually  induced  by  these  effects.  In  addition,  the  turbidity  that  develops  with  increasing  time 
indicates  that  small  Au  particles  formed  initially  react  to  generate  species  that  scatter  light,  and  that 
the  optical  effects  are  related  to  simultaneous  changes  in  partie'e  size  and  light  scattering.  The 
sjrecies  that  generate  the  optical  effects  may  correspond  to  networks  of  weakly  interacting  metal 
particles,  since  it  has  been  shown  that  the  plasmon  band  of  Au  particles  broadens  and  shifts  to 
longer  wavelengths  when  the  particles  form  networks. Coale.sccncc  of  the  Au  particles  iii  the 
networks  yields  large  metal  particles  with  strong  plasmon  bands,  which  explains  the  blue  shifts  of 
the  absorption  bunds  that  were  observed  at  longer  times.  Since  elemental  gold  is  not  formed  in 
polypropylene  or  polystyrene  containers  it  appears  that  metal  particle  formation  is  promoted  by 
silica  surfaces,  and  that  the  promoting  effect  of  Pyrex  is  stronger  than  that  of  quartz.  These 
observations  are  explained  under  die  assumption  that  metal  panicle  formation  proceeds  initially  on 
top  of  the  silica  surfaces.  The  meiai  crystallites  desorb  from  the  surfaces  during  the  early  stages  of 
growth,  lormmg  networks  of  small  Aa  particles. 

In  conclusion,  the  spontaneous  formation  of  metal  particles  in  alcohols  containing  base  is  a 
simple  method  for  the  preparation  of  small  Ag  and  Au  panicles.  We  have  recently  used  this 
meth<.,l  for  the  deposition  of  thin  films  of  these  metals  on  Mylar  supports. 
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ABSTRACT 

A  self  consistent  jellium  approach  to  the  chemisorption  of  molecular  oxygen  on  copper 
clusters  is  investigated  and  compared  with  local  density  MO  •  LCAO  calculations.  The 
jellium  model  is  found  to  be  well  suited  for  chemisorption  studies  and  the  results  explain 
the  main  trends  in  the  measured  chemisorption  properties  of  0]  on  copper  clusters. 

INTRODUCTION 

One  of  the  main  objectives  for  research  on  clusters  is  the  future  prospects  to  use  clusters 
in  the  design  of  new  materials.  Cluster  assembled  materials  are  believed  to  have  special 
optical,  mechanical  or  catalytic  properties.  The  first  step  in  the  design  of  these  new  materials 
is,  however,  the  characterization  of  free  clusters.  This  has  been  an  intense  field  of  research 
during  the  last  ten  yeats[l]. 

One  of  the  most  interesting  discoveries  in  the  characterization  free  clusters  is  the  ex¬ 
istence  of  magic  numbers  first  observed  in  the  abundance  spectra  of  sodium  clusters  by 
Knight  et  al.[2].  After  these  experiments  various  simple  metal  clusters  have  been  reported 
to  show  magic  numbers  in  electronic  properties  such  as,  ionization  potential,  electron  iiifin- 
ity,  optical  response  and  reactivity[3).  The  magic  numbers  are  interpreted  as  electronic 
shell  closings,  resulting  from  quantized  v^dence  orbitals  for  electrons  in  an  effective  positive 
potential  background  constituted  by  the  ionic  cores.  The  self  consistent  spherical  jellium 
model  which  almost  has  grown  into  a  paradigm  in  cluster  physics  was  first  introduced  as 
an  appropriate  cluster  model  by  Ekardt(4].  The  jellium  model  is  simple  and  consequently 
an  attractive  tool  that  has  been  able  to  give  a  qualitative  understanding  of  various  exper¬ 
imental  findings  where  the  electronic  shell  structure  dominates  over  the  exact  geometrical 
cluster  configuration[5].  The  original  spherical  model  only  accounts  for  the  main  trends  in 
the  size  evolution  of  electronic  properties,  i.e.  the  abrupt  property  changes  at  cluster  sizes 
of  8,  20,  40  atoms.  To  reproduce  the  experimental  findings  for  also  open  shell  clusters  shape 
deformations  of  the  jellium  background  has  been  introduced  to  model  the  Jahn  -  Teller 
distortion[6,7,8]. 

Reactivity  of  metal  clusters  is  an  important  topic  for  applications  in  catalysis  where  the 
prospect  is  to  obtain  materials  with  appropriate  reaction  selectivity  and  efficiency.  Regard¬ 
ing  free  clusters  the  reactivity  has  been  reported  to  vary  orders  of  magnitude  with  varying 
cluster  size[9].  One  example  of  cluster  reactions  showing  a  strong  size  dependence  is  the  ox¬ 
idation  of  copper  clusters[10,ll].  The  reactivity  has  shown  a  close  correlation  to  the  jellium 
counting  rules  where  the  closed  shell  clusters  with  8,  20,  40  atoms  are  reported  to  be  less 
reactive  compared  with  clusters  having  one,  two  or  more  valence  electrons.  Previously  we 

15 

Mat.  Raa.  Soc.  Symp.  Proc.  Vol.  351.  ^1994  Matertals  Research  Society 


have  reported  on  chemisorption  of  molecular  oxygen  on  copper  clusters  using  a  first  principle 
MO  -  LCAO  approach  within  the  local  density  approximation[12j.  The  calculations  were 
done  for  clusters  around  the  shell  closing  at  eight  atoms  and  indicated  an  electronic  shell 
effect.  The  Oj  molecule  was  just  weakly  bound  to  the  Cu*  cluster  while  a  strong  bonding 
was  obtained  for  Cuo.  These  calculations  indicate  that  a  jellium  treatment  of  the  clusters 
might  be  an  appropriate  approach  to  study  the  chemisorption  process  and  we  will  in  this 
work  elaborate  on  this  point  and  investigate  how  well  a  spherical  jeliium  description  of  the 
copper  clusters  reproduce  the  first  principle  results.  The  comparison  will  be  carried  out  for 
the  Cug  and  the  Cug  clusters,  [n  this  way  the  two  extremes  of  a  closed  and  a  mono  valent 
cluster  will  be  treated  .  The  jellium  model  has  previously  mainly  been  used  to  describe  edkali 
metal  clusters.  The  extension  to  nobel  metal  systems  should  be  done  with  care  since  the 
hybridization  of  d,  s  and  p  states  while  forming  larger  aggregates  is  not  completely  clear. 
However,  the  ellipsoidal  jellium  model  has  successfully  been  used  for  the  calculations  of 
electron  affinity  of  copper  clusters[13].  The  comparison  of  the  jellium  and  the  first  principle 
results  for  the  Cug  shell  closing  encouraged  us  to  also  calculate  the  chemisorption  properties 
of  oxygen  around  the  shell  closings  at  20  and  40  atoms. 

COMPUTATIONAL  SCHEME 

The  density  functional  theory  with  the  local  spin  density  approximation[14,15]  is  used 
to  transform  the  many  -  electron  Shrodinger  equation  into  a  set  of  one  -  electron  equations. 
The  hamiltonian  in  atomic  imits  reads, 

ft(r)  =  -iv’  +  v.//({r),{(r))  (1) 

Where  f(r)  is  the  relative  spin  density, 

4(r)  =  (/>’(«•) (2) 

The  effective  potential  in  Eq.  1,  t)e//(r,  ((r))  can  be  decomposed  into  three  parts, 

"«//{•■.{(»■))  =  Vsir)  +  w„(r)  +  Vxc(r,f(r)).  (3) 

The  first  term  u„(r)  represents  the  attractive  Coulomb  potential  from  the  nuclei  of  the  atoms, 
the  second  term  u„(r)  i.s  the  electronic  Coulomb  potential  due  to  the  cluster  charge  density 
p(r).  The  last  term  is  a  parameterization  of  the  remaining  electron-electron  interactions 
for  the  one  particle  potential.  For  this  term  we  have  used  the  spin  poleuized  formula  by 
Gunnarsson  and  Lundqvist[16]. 

In  the  first  principle  calculations  t>n(r)  is  composed  of  the  point  charges  o:  the  constituent 
atoms  in  the  cluster.  The  spherical  jellium  model  approximates  this  part  disregarding  the 
ionic  structure  and  uniformly  distribute  the  charge  on  a  sphere  with  a  radius  and  a  density 
which  preserve  charge  neutridity.  The  cluster  contribution  to  the  ionic  potential  is  thus 
given  by, 

_/  r>R 

■  t  -i(i  '  r<R 

Z  is  the  net  charge  of  the  ionic  system  and  R  is  the  radius  of  the  jellium  sphere,  R  = 

For  the  Wigner  Seitz  radius  r,  we  have  used  the  corresponding  bulk  value  of  copper  2.67 


16 


a.u..  Both  in  the  first  principle  and  the  jellium  calculations  solutions  to  the  hamiltonian 
is  obtained  by  expanding  wave  functions  in  a  linear  combination  of  atomic  or  jellium  wave 
functions,  i.e.  the  LCAO  approach.  These  wave  functions  are  given  on  a  numerical  grid 
and  are  generated  separately  using  a  SCF-LDA  code.  The  obtained  secular  equation  in  the 
LCAO  approach  is  given  a  block  diagonal  form  by  applying  the  symmetry  of  the  system  and 
the  matrix  elements  are  evaluated  using  the  three'dimensional  integration  scheme  developed 
by  Boerrigter  et  al.[17].  The  eigenvalues  are  solved  to  self  consistency  using  the  density 
fitting  method  proposed  by  Delley  and  Ellis[18]. 

RESULTS 

Fig.la  shows  the  one-electron  eigenvalues  calculated  for  Cus  and  Cug  using  the  first 
principle  MO-LCAO  calculations  and  the  self  consistent  spherical  jellium  approach,  respec¬ 
tively.  The  cluster  geometries  used  for  the  first  principle  calculations  were  for  both  cluster 
sizes  the  Ci„  isomers.  For  the  Cug  clusters  this  isomer  is  reported  as  the  energeticly  most 
favorable[19]  The  jellium  description  rely  on  the  4s  electrons  to  completely  determine  the 
electronic  properties  of  the  cluster.  Therefore  we  also  have  investigated  the  effect  of  the  3d 
electrons  by  carrying  out  the  first  principle  calculations  on  two  levels  of  approximation.  One 
where  the  3d  electrons  were  included  in  the  var^ationsJ  treatment  and  another  where  the 
3d  electrons  were  kept  fixed  as  the  lower  lying  states  within  the  frozen  core  approximation. 
In  both  treatments  also  the  4p  polarization  wavefunctions  were  included  together  with  an 
ionic  basis  set  4s4p  of  the  Cu’"*'  ion  to  yield  an  increased  variational  freedom.  In  Fig.  1 
the  one  -  electron  uihitab  are  denoted  by  the  corresponding  symmetry  notation.  For 
the  calculations  including  the  3d  -  states  only  the  orbitals  mainly  showing  4s  character  are 
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Figure  1;  a)  Energy  level  diagram  for  the  bare  clusters  Cua  and  Cug.  The  occupied  levels  are 
represented  by  solid  lines  and  the  unoccupied  by  dashed  lines.  First  principle  results  axe  shown  at 
the  two  levels  of  approximation,  one  including  the  3d  states  and  one  treating  them  in  the  frozen 
core  approximation.  The  orbitals  are  denoted  according  to  the  Cjv  symmetry,  b)  One  electron 
energy  spectrum  for  the  mddized  clusters.  The  LCAO  calculations  represent  the  case  of  including 
the  3d  states.  To  the  right  also  the  HOMO  levd  for  the  free  oxygen  molecule  is  included. 
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indicated.  In  these  calculations  the  shell  structure  is  clearly  apparent  with  a  large  HOMO 
-  LUMO  separation  for  Cus  and  a  high  lying  HOMO  level  for  Cug  together  with  a  minor 
HOMO  -  LUMO  gap.  The  symmetry  of  the  cluster  also  distribute  the  4s  electrons  in  a 
configuration  similar  to  the  jellium  result.  The  exclusion  of  the  3d  -  states  in  the  variational 
loop  contracts  the  energy  spectra  and  results  in  a  larger  separation  of  the  one  -  electron 
orbitals  corresponding  to  the  jellium  Ip  state.  However,  it  is  obvious  that  the  exclusion 
of  the  d  -  states  just  brings  a  minor  shift  to  the  HOMO  level  of  the  clusters  and  that  for 
a  q'lalitat'  e  understanding  the  3d  -  states  may  be  excluded.  The  spherical  jellium  levels 
are  in  comparison  with  the  first  principle  levels  shifted  upwards.  The  absolute  energies 
for  the  eigenvalues  are  scaled  with  the  value  of  the  jellium  parameter  r,,  which  determines 
width  and  depth  of  the  potential.  Reducing  the  r.  value  would  yield  absolute  results  in 
better  agreement  with  the  first  principle  results.  However,  changing  the  r,  value  would 
also  introduce  an  arbitrariness  in  the  model  removing  one  of  the  attractive  features  of  the 
approach. 

Knowing  the  electronic  structure  of  the  bare  clusters  we  continue  with  an  investigation 
of  the  0]  chemisorption  on  the  two  cluster  sizes.  In  Pig.  lb  the  energy  level  diagrams  for  the 
chemisorbed  state  of  O]  calculated  with  the  jellium  and  the  MO-LCAO  approach  including 
the  3d-electron8  are  shown.  The  bond  distances  between  the  molecule  and  the  cluster  were 
optimized,  while  the  interatomic  bond  distance  of  the  oxygen  molecule  was  kept  at  2.4  a.u. 
which  corresponds  to  the  free  molecule  value.  Agun,  the  notation  is  that  corresponding  to 
the  C]v  symmetry.  Also  included  in  the  figure  are  the  antibonding  x*  orbital  levels  for  the 
free  oxygen  molecule.  This  orbital  is  in  the  free  molecule  half  filled  forming  a  triplet  ground 
state.  In  the  first  principle  results  the  chemisorption  site  for  the  Cus  cluster  was  a  ’hollow’ 
site  while  an  ’on  top’  site  was  investigated  for  the  Cus  cluster.  The  results  obtained  for 
Cus  and  Cug  are  different.  For  the  closed  shell  Cus  cluster  the  interaction  with  the  oxygen 
molecule  breaks  the  high  degeneracy  and  spin  pairing  of  the  bare  cluster.  The  interaction  is, 
however,  not  larger  than  that  the  cluster  and  oxygen  orbitals  keep  their  original  character. 
The  unoccupied  a^  and  bi  levels  of  the  free  molecule  are  shifted  upwards  to  the  HOMO  level 
of  the  cluster  introducing  states  just  above  the  HOMO  level  removing  the  large  HOMO  - 
LUMO  separation.  For  the  Cus  clusters  on  the  other  band  the  mixing  between  cluster  and 
oxygen  states  is  large.  For  example,  the  states  originating  from  the  Id  jellium  level  is  for 
the  nine  atom  cluster  splitted  over  about  twice  the  energy  range  compared  with  the  eight 
atom  cluster. 

The  stronger  mixing  can  also  be  seen  in  the  charge  transfer  from  the  cluster  to  the  oxygen 
molecule.  In  our  previous  paper  the  charge  transfer  was  analyzed  using  a  partial  density  of 
states  analysis.  The  net  charge  transfer  from  the  cluster  was  found  to  be  composed  of  two 
flows,  one  filling  the  antibonding  x*  state  and  another  resulting  in  less  charge  of  the  bonding 
X  orbital.  Both  resulting  in  a  weaker  bond  between  the  oxygen  atoms.  Using  a  Mulliken 
population  analysis  the  charge  transfer  was  in  the  Cu*  cluster  found  to  be  0.3  electrons  for 
the  jellium  case  and  0.4  for  the  MO  ■  LCAO  calculation.  Corresponding  numbers  for  Cug 
were  0.7  and  0.6.  These  numbers  clearly  show  the  same  trends.  We  also  notice  that  the  shift 
of  the  HOMO  level  due  to  the  oxidation  for  the  jellium  and  first  principle  results  are  equal, 
0.2  eV  for  the  Cug  cluster.  This  is  an  encouraging  results  since  this  enable  us  to  do  reliable 
estimations  of  how,  for  example  the  ionization  potential  will  be  effected  by  the  oxidation. 
The  corresponding  change  is  overestimated  for  the  Cug  cluster  by  a  factor  of  two.  This  is  a 
result  of  the  high  degenary  of  the  jellium  orbitals  and  introducing  an  ellipsoidal  shape  would 
decrease  the  discrepancy  between  the  models.  To  summarize  the  comparison,  we  conclude 
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that  the  jellium  mcxlel  surprisingly  well  describes  the  chemisorption  of  the  oxygen  molecule. 
Thus,  we  will  continue  by  employing  the  model  for  shell  closings  at  larger  cluster  sizes. 

The  effect  of  the  shell  closing  is  mainly  maintained  when  probing  the  closed  shell  clusters 
at  20  and  40  atoms  together  with  the  monovalent  clusters  of  21  and  41  atoms.  In  Fig.  2 
the  result  of  a  partial  density  of  states  analysis  is  shown  for  the  Oj/Cui  systems.  The 
chemisorption  distances  are  optimized  and  the  total  density  of  states  is  projected  on  the 
oxygen  2p  orbital.  The  solid  line  correspond  to  the  component  pointing  towards  the  jellium 
sphere  referred  to  as  the  ’perpendicular’  component  and  the  dashed  line  is  the  ’parallel’ 
component.  3oth  the  occupi<.J  and  the  unocc..pied  density  of  states  are  displayed  plotted 
with  respect  to  the  Fermi  energy.  The  degeneracy  of  the  levels  for  the  free  molecule  is 
broken  because  of  the  perturbation  of  the  jellium  sphere  as  discussed  above.  We  see  how 
the  splitting  is  much  more  efficient  for  the  monovalent  cluster  than  for  the  closed  shell 
clusters.  For  the  larger  cluster  sizes  the  eiuster  energy  levels  are  closer  in  energy  which 
results  in  a  stronger  mixing  between  these  levels  upon  chemisorption.  This  will  for  the 
chemisorption  result  in  a  weaker  size  dependence,  which  clezirly  can  be  seen  for  the  Cu4o 
and  Cu4]  clusters. 


Figure  2:  Partial  density  of  states.  The  total  density  of  states  is  projected  on  the  two  angular 
components  of  the  oxygen  2p  orbital.  Solid  line  refers  to  the  component  pointing  towards  the 
jellium  sphere,  dashed  line  is  the  component  parallel  to  the  jellium  sphere. 


CONCLUSIONS 

In  order  to  analyze  the  reactivity  of  large  clusters,  for  which  first  principle  methods 
not  are  feasible,  we  have  investigated  the  performance  of  the  jellium  model.  The  clusters 
were  treated  as  jellium  spheres  and  the  chemisorption  of  molecular  oxygen  was  studied  self 
consistently  using  a  MO-LCAO  approach  within  the  LSD  scheme.  The  capability  of  the 
model  was  checked  through  a  comparison  with  first  principid  calculations  for  the  electronic 
shell  closing  at  eight  atoms  with  encouraging  results.  Although  the  spherical  jellium  model 
showed  a  poor  performance  for  bare  clusters  due  to  the  highly  degenerated  levels,  the  main 
trends  in  the  oxidation  was  found  to  be  properly  described. 
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ABSTRACT 


Neutral,  low-valent  complexes  of  transition  metals  or  an  organometallic  compound  of  Ge  are 
prepared  containing  ancillary  ligands  which  bear  silicate  ester  or  (alkoxy)silicon  functional  groups. 
Inclusion  of  these  molecules  as  dopant  species  in  a  conventional  sol-gel  synthesis  of  silica  xerogcls 
affords  silica  xerogels  in  which  dopant  molecules  have  presumably  been  covalently  incorporated 
into  the  xerogel  matrix  with  uniform  and  high  dispersion.  Subsequent  thermal  treatment  of  these 
molecularly  doped  xerogels  under  reducing  or  oxidizing/ieducing  conditions  gives  nanocomposites 
containing  nanoclusters  of  metals  or  semiconductor  substances.  By  this  procedure, 
nanocomposites  containing  nanoclusters  of  Ag,  Cu,  Pt,  Os,  CC03,  Fe2P,  Ni2P,  or  Gc  have  been 
prepared.  Preliminary  evidence  for  the  formation  of  a  nanocomposite  containing  Pt-Sn 
nanoclusters  derived  from  a  bimetallic  molecular  precursor  is  also  presented.  Characterization  data 
for  the  nanocomposiie  materials  include  TEM,  electron  diffraction,  EDS,  XRD,  and  selected  use  of 
micro-Raman  spectroscopy.  These  results  support  the  hypothesis  that  covalent  incorporation  of 
molecular  precursors  containing  low-valent  metals  into  a  silica  xerogel  can  afford  nanocluster 
phases  with  high  dispersion,  relatively  small  particle  size,  and  unusual  elemental  composition. 


INTRODUCTION 


Nanocomposite  materials  consisting  of  very  small  particles  (typically  nanoscale  particles  having 
diameters  less  than  100  nm  or,  equivalently,  1000  A)  of  a  guest  substance  dispersed  throughout  a 
host  matrix  tue  a  topic  of  intense  current  interest  for  potential  applications  in  chemical  catalysis  or 
as  magnetic,  electronic,  or  photonic  (nonlinear  optical)  materials  1 1  ].  Guest  substances  of  metals 
or  semiconductors  ate  of  particular  interest  for  these  applications. 

Nanocomposites  containing  nanoclusters  of  metals  dispersed  in  a  silica  xerogel  host  matrix 
have  been  prepared  by  doping  metal  salts  into  a  conventional  sol-gel  synthesis  of  silica  xerogel 
followed  by  oxidative  and  reductive  thermal  tneatments.  For  some  metals,  this  procedure  gives 
metal  nanoclusters  of  small  and  quite  uniform  size.  A  mote  general  procedure  for  obtaining  such 
metal  nanoclusters  having  a  fairly  uniform  and  monomodal  particle-size  distribution  has  been 
evaluated  by  Schubert  and  coworkers  [2],  In  this  adaptation,  a  trialkylorthosilicate  group  is 
attached  via  a  CH2CH2CH2  linkage  to  either  a  NH2  or  ethyienediamine  fragment.  These 
molecules  serve  as  bifunctional  ligar.ds.  Addition  of  these  donor  molecules  to  a  conventional  sol- 
gel  recipe  in  the  presence  of  metal  salts  leads  to  complexation  of  the  metal  ion  by  the  amine 
functional  groups  and  to  hydrolysis  and  condensation  of  the  silicate  ester  functional  groups  with 
the  resulting  silica  xerogel  matrix  as  it  is  being  fomed.  This  covalent  attachment  of  metal  ion 
complexes  to  a  xerogel  matrix  apparently  gives  more  uniform  dispersion  of  the  metal  ions 
throughout  the  xerogel.  Subsequent  oxidative  and  reductive  thermal  treatments  results  in  silica 
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xerugels  containing  metal  nanoclusters.  Selected  metal  nanoclusters  of  the  following  metals 
(average  diameter.  A,  diameter  range,  A)  have  been  prepared  by  Schubert  using  this  method:  Ag 
( 195,  90  -  309);  Cu  (39,  15  -  74);  Pt  (25,  8  -  42). 

In  this  study,  covalent  attachment  of  molecular  precursors  to  a  growing  silica  xerogel  mauix  by 
means  c*'  bifunctional  ligands  is  extended  to  include  neutral,  low-valent  metal  complexes  or  an 
organomctallic  compound  of  germanium.  Such  complexes  are  expected  to  be  more  inert  toward 
ligand  substitution  than  ionic  amine  complexes  thereby  affording  a  more  uniform  incorporation  of 
molecular  precursor  throughout  the  xerogel  matrix.  Furthermore,  precursor  molecules  conuining 
low-valent  metals  may  decompose  thermally  under  solely  reductive  conditions  to  give  nanoscale 
phases  thus  obviating  the  need  for  an  oxidative  thermal  decomposition  treatment.  This  latter  aspect 
might  provide  synthetic  control  over  the  elemental  composition  of  the  nanocluster  phase  through 
the  proper  choice  of  precursor  molecule. 


EXPERIMENTAL 


The  overall  synthetic  strategy  is  shown  in  equation  (1).  A  metal  complex  or  compound,  1,  is 


Si(OMe)4  + 
TMOS 


xL„M{L—  Si(OR)3} 

1 


HjO,  MeOH 


H*  or  base 
catal. 


SiOi  xerogel «  { Si 


Hj  or 
air  then  H2 


LMLJ, 

(1) 


Si02  xerogel  x  ”M" 


prepared  containing  a  bifunctional  ligand  or  substituent  which  bears  a  silicate  ester  (as  shown)  or 
an  (alkoxy)silyl  functional  group.  Addition  of  1  to  a  conventional  sol-gel  synthesis  of  silica 
xerogel  from  tctramethylorthosilicate,  TMOS,  water,  methanol  and/or  DMF  or  THF,  and  an  acid  or 
base  catalyst  gives  a  silica  xerogel  in  which  the  dopant  molecule  is  covalently  attached  to  the 
xerogel  matrix.  Thermal  decomposition  of  this  doped  xerogel  under  reducing  or 
oxidizing/reducing  conditions  affords  a  silica  xerogel  containing  a  nanophase  substance. 

The  bifunctional  ligands  used  in  this  study  include  the  commercially  available  thiols, 
HS(CH2)3Si(OMe)3,  HSR,  and  HSCH2SiMc(OEt)2,  HSR',  and  the  phosphines, 
PPh2(CH2)2Si(OMe)3,  L''^,  PPh2(CH2)2Si(OEt)3,  L®,  and  PEt2(CH2)2Si(OEt)3,  L^,  which  were 
prepared  according  to  literature  procedures  [3], 

The  molecular  precursors,  1,  were  prepared  using  published  procedures  or  procedures 
reported  for  the  preparation  of  analogous  thiolate  or  phosphine  complexes.  These  compounds 

include;  Ag(SR'l  oligomer  (4),  CuL®3CI  [5],  Os(ti®  -  p-cymene)L''Cl2  (6J,  cis-PtL^2Cl2  [71. 
(HO)3SiCC03(CO)g  [8],  NiL®4  [91,  Fe(CO)4LA  (101,  MeyGeSR  (1 1],  and  trans-  Pt(SnPh3)2LC2 
[121. 

Conventional  sol-gel  recipes  were  followed  in  the  syntheses  of  the  molecularly  doped  silica 
xerogels  (131.  The  xerogels  were  formed  at  room  temperature  using  aqueous  HCl  as  the  acid 
catalyst  or  aqueous  ammonia  as  the  basic  catalyst.  Stoichiomeuies  for  the  molar  ratio  of  TMOS  to 
molecular  dopant  complex  varied  from  4: 1  to  100: 1.  Product  xerogels  were  washed  several  times 
with  alcohol  prior  to  air  drying. 

Conversion  of  the  molecularly  doped  xerogels  to  nanocomposite  materials  was  accomplished 
by  placing  the  powdered  xerogel  into  an  alumina  boat.  Such  samples  were  then  introduced  into  a 
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quartz  tube  placed  inside  of  a  tube  furnace.  The  atmosphere  within  the  tube  was  controlled  by 
gaseous  (low  of  the  appropriate  gas.  Temperatures  were  measured  by  an  internal  thermocouple. 
Specific  thermal  conditions  are  described  below. 


RESULTS  AND  DISCUSSION 


The  synthetic  conditions  used  for  the  formation  of  silica  xerogels  containing  nanoclusters  of 
Ag,  Cu,  Os,  or  Pt  are  shown  in  equation  (2).  TEM  micrographs  of  typical  samples  of  these 
nanocomposites  are  shown  in  Figure  1.  The  metal  nanocluster  features  are  highly  dispersed 
throughout  the  xerogel  matrix.  For  each  sample,  the  presence  of  crystalline  metal  phase  is 
confirmed  by  electron  diffraction  ring  patterns.  Other  crystalline  phases  are  not  evident.  EDS 
analysis  reveals  the  presence  of  silicon  and  the  appropriate  metal  in  each  sample  and,  within  the 
limits  of  detection,  the  absence  of  any  residual  S,  P,  or  Cl  that  was  contained  in  the  precursor 
complex.  Histograms  of  the  respective  metal  particle  sizes  taken  from  TEM  images  indicate 
monomodal  particle  size  distributions  having  the  following  diameters  (average,  range):  Ag  (S3,  30 
-  120  A);  Cu  (24,  15  -  35  A);  Os  (27,  10  -  70  A);  Pt  (38, 20  -  80  A).  XRD  analysis  of  the  Ag,  Cu, 
and  Os  nanocomposites  confirms  the  presence  of  crystalline  metal  phases  with  volume-weighted 
average  particle  diameters  of  125  A  for  the  Ag  nanoclusters  and  55  A  for  the  Os  nanoclusiers.  The 
presence  of  a  small  fraction  of  relatively  large  metal  clusters  presumably  accounts  for  the  larger 


Si02  xerogel  x  Ag 


Si02  xerogel  x  Cu 


air  (  600  C,  1  h  ) 

Hi  (600  C,  5  h) 
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KSR'ln 

NH3(aq) 


H,  (600  C,  3  h) 


SiOi  xerogel  (CuL^jCl), 

CuL^jCl  / 

/Si ;  Cu 
NH,(aq)/ 


Si(OMe)4  +  H2O  (xs)  -1-  MeOH  &/or  DMF  or  THF 


Si ;  Os 
100:  1 
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Osfq^-p-cymenelL^)!! 


HCl  (aq)\^ 
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Si:Pt 
100:  1 


Si02  xerogel  [Os(arene)L^Cl2]x 
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Figure  1.  TEM  micrographs  of  silica  xerogel  nanocomposites  containing  Ag  (upper  left),  Cu 
(upper  right).  Os  (lower  left),  or  Pt  (lower  right)  nanoclusters. 
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particle  diameters  as  determined  from  XRD  peak  widths.  XRD  peaks  of  the  Cu  nanoeomposite  are 
too  broad  to  give  panicle  size  measurement.  A  small  amount  of  crystalline  copper  phosphide. 
CU3P.  is  also  evident  in  the  XRD  scans  of  the  Cu  nanoeomposite  indicating  that  ail  of  the 
phosphorus  had  not  been  eliminated  from  the  precursor  xerogel  during  reductive  thermal 
decomposition.  XRD  analysis  of  the  Pt  nanoeomposite  is  in  progress. 

In  recent  work  by  others,  Gacoin  and  cowoikers  prepared  Ag  nanoclusters  (41,5-  120  A)  in  a 
sol-gel  matrix  using  bifunctional  ligands  with  reduction  of  Ag*  ions  being  induced  by  y  -  radiation 
[14].  Lisiecki  and  Pileni  formed  Cu  nanoclusters  with  diameters  of  14  -  35  A  by  solution 
reduction  of  copper  ion  in  reverse  micelles  [  IS).  The  formation  of  Os  particles  from  the  thermal 
decomposition  of  silica-supported  Os3(CO)i2  has  been  reviewed  by  Psaro,  et  al.,  [  16).  Chaudret 
and  coworkers  produced  Pt  nanoclusters  of  12  or  15  A  average  diameter  in  nitrocellulose  or 
cellulose  acetate,  respectively,  by  solution  reduction  of  a  precursor  compound  of  Pt  [17j. 


The  synthetic  conditions  used  for  the  formation  of  silica  xerogels  containing  nanoclusters  of 
CC03,  Fe2P,  Ni2P,  or  Ge  are  shown  in  equation  (3).  TEM  micrographs  of  typical  samples  of 
these  nanocomposites  are  shown  in  Figure  2.  The  nanocluster  features  are  highly  dispersed 
throughout  the  xerogel  matrix.  For  each  sample,  the  presence  of  crystalline  nanophase  material  is 
confirmed  by  electron  diffraction  ring  patterns.  Although  the  ring  pattern  for  the  cobalt  carbide 
nanoeomposite  revealed  the  presence  of  some  amount  of  crystalline  C03O4,  the  other  three 
nanocomposites  appear  to  be  pure.  The  single  crystallinity  of  the  CC03  and  Fc2P  (syn- 
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Figure  2.  TEM  micrographs  of  silica  xerogel  nanocomposites  containing  CC03  (upper  left),  FeaP 
(upper  right),  Ni2P  (lower  left),  or  Ge  (lower  right)  nanoclusteis. 
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narringerite)  particles  was  determined  by  successful  interpretation  of  electron  diffraction  spot 
patterns  obtained  from  single  particles.  Also,  TEM  micrographs  of  individual  Fe2P  particles 
haviiig  ihe  correct  orientation  reveal  hexagonal  projections  consistent  with  this  hexagonal  phase, 
and  at  high  magnification  TEM  images  of  individual  Ge  particles  show  fringe  patterns.  EDS 
analysis  reveals  the  presence  of  silicon  and  the  other  elements  expected  from  the  appropriate  phase 
in  each  sample.  Within  the  limits  of  detection,  the  EDS  spectrum  of  the  Ge  nanocomposite 
revealed  the  complete  absence  of  sulfur.  Microanalysis  of  the  CC03  nanocomposite  gives  a  Si/Co 
atomic  ratio  of  4. 7/1.0.  Microanalytical  data  for  the  Ge  nanocomposite  is  consistent  with  the 
approximate  composifon  of  "(Si02)i5Ge“. 

Histograms  of  the  respective  particle  .«izcs  uikcn  from  TEM  images  indicate  monomodal  particle 
size  distributions  having  the  tollowine  diameters  (average,  range);  CC03  (255  )0  -  460  A);  Fe2P 

(47.  20  -  80  A);  NiaP  (26,  15  -  40  A);  Ge  (95,  35  -  155  A).  XRD  analysis  of  the  CC03,  Fe2P, 
and  Ge  nanocomposites  confirms  the  prerc-ice  of  the  appropriate  crystalline  phases  with  volume- 
weighted  average  particle  diameters  of  100  A  for  the  FeaP  nanocluslers  and  68  A  for  the  Ge 
nanoclusters.  Fhesumably,  the  Fe2P  nanocomposite  contains  a  small  fraction  of  relatively  large 
crystalline  panicles  of  Fe2P,  while  the  Ge  nanocomposite  contains  a  relatively  large  fraction  of 
small,  highly  crystalline  Ge  panicles.  The  XRD  spectrum  of  the  CC03  nanocomposite  reveals  a 
predominant  CC03  crystalline  phase  and  the  presence  of  crystalline  C03O4.  XRD  analysis  of  the 
!Vi2P  nanocomposite  is  in  progress. 

Micro-Raman  analysis  of  the  Ge  nanocomposiu;  shows  a  sharp  Raman  signal  centered  at  301 
cm  *  corresponding  to  the  phonon  frequency  of  microcrystalline  Ge  (Figure  3).  The  FWHM  of 
this  peak  of  13  ±  0.5  cm  '  is  consistent  with  Ge  microcry. stals  having  diame.ers  of  approximately 
60  A.  Similar  Raman  signals  have  been  reported  by  Fujii  and  coworkers  for  Ge  nanocluslers 
formed  by  rf  co-sputtering  methods  [18). 


Intensity 


Figure  3.  Micro-Raman  spectrum  of  the  Ge  nanocomposite  ('.owing  the  phonon  band  of  (jc. 


In  work  reported  by  others.  Fox  and  coworkers  have  found  that  CC03  is  an  effective  methanol 
reforming  catalyst  [I9J,  and  thermal  decomposition  of  cobalt  0x0  clusters  containing 

(0C)qCc3CC02  fragments  as  ligands  has  been  used  by  Wolf  and  coworkers  to  prepare 
hydrogenation  catalysts  [20],  Fujii  and  coworkers  report  that  Fe2P  is  paramagnetic  and  exhibits 
ferromagnetism  at  temperatures  below  217  K  [2\].  Particles  of  Fe2P  have  been  used  by  Seeger 
and  coworkers  as  an  ink  in  the  fabrication  of  integrated  cureuits  [22],  Ni2P  is  commercially 
available  as  a  chemical  reagent,  and  Sharon  and  coworkers  report  that  it  has  a  band  gap  of  1.0  ev 
[23).  In  recent  work,  Paine  and  coworkers  have  prepared  nanocrystalline  Ge  embedded  in  Si02 
by  a  hydrothermal  oxidation  and  subsequent  hydrogen  reduction  procedure  [24]. 
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Vi  ry  prcliininai  y  rcsulLs  support  the  hypodiesis  that  the  metal  core  composition  of  a  bimetallic 
precursor  molecule  can  t>e  used  to  control  the  elemental  composition  of  a  resulting  nanophase 
material.  As  shown  in  equation  (4),  a  Pt-Sn  molecular  precursor  can  be  covalently  incorporated 
into  a  silica  xerogel  using  bifunctional  pho.sphine  ligands.  Subsequent  reductive  thermal  U'eatment 
gives  a  nanocompositc  containing  an  apparent  mixture  of  I^t-Sn  nanophascs.  A  typical  TEM 
micrograph  of  this  nanocompositc  is  shown  in  Figure  4.  Nanocluster  features  arc  dispersed 
throughoui  the  xerogel  matrix  as  particles  having  diameters  in  the  range  of  60  -  175  A.  The 
(larticulate  features  show  either  hexagonal  or  more  spheroidal  projections.  EIccu-on  diffraction  ring 
patterns  confirms  the  presence  of  several  Pt-Sn  phases  including  the  hexagonal  PlSn  l.i  phase 
(iiiggliite)  Electron  diffraction  spot  patterns  obtained  from  a  single  hexagonal  nanocry.stal  confirm 
the  presence  of  this  PtSn  hexagonal  pha.se.  Reduction  at  750  C  gives  a  less  complex  ring  pattern 
and  is  consistent  with  the  presence  of  PlSn  and  possibly  a  PlSn4  crystalline  phase.  EDS  analysis 
of  this  nanocompositc  reveals  Si,  Pi.  and  Sn  with  no  evidence  of  residual  phosphorus  from  the 
nuleetilar  precursor.  More  judicious  choice  of  thermal  reductive  conditions  might  give  selective 
formation  of  the  more  unstable  PtSni  phase.  The  use  of  1:1  Pt/Sn  molecular  precursors  to  give 
selective  formation  of  the  hexagonal  PtSn  nanocompo.sitc  is  currently  under  investigation. 


t  -  Ptd^'iqSnPhj), 

Si(OMe)4  - - 

M;()  &  THF  i.i  xs 

UNO,  fatal. 

Si  :  Pt  =  .^0  :  I 


Si02  xerogel  [Pt(L^  )2(SnPh3)2Jx 

I  H,  (900  C,  2  h)  (4) 


Si02  xerogel  •  x  '  PlSn" 


l  igurc  4.  TliM  micrograph  of  a  "PtSn"  nan<K-ompo.silc  showing  hexagonal  PtSn  nanocry.stals. 


In  work  by  others,  Sinfell  has  reviewed  the  importance  of  Pt  -  Sn  bimetallic  catalysts  for 
reforming  processes  [25|,  and  Koel  and  coworkers  have  reported  the  use  of  Pt/Sn  surface  alloys  in 
catalytic  reactions  with  acetylene  (26).  An  electron  microdiffraction  study  of  Pt-Sn-alumina 
reforming  catalysts  has  been  published  recently  by  Srinivasan  and  coworkers  (27). 


CONCLUSIONS 


Covalent  incorporation  of  neutral  precursor  molecules  into  a  silica  xerogel  can  be  accomplished 
through  the  use  of  bifunctional  ligands  or  substituents  and  conventional  sol-gel  synthetic  methods. 
Thermal  decomposition  of  these  doped  xerogcls  under  reductive  or  oxidative/reduclive  conditions 
gives  nanocomposites  containing  nanoclusters  of  a  guest  phase  dispersed  throughout  the  silica 
xerogel  matrix.  In  some  cases,  Ae  nanophase  material  is  obtained  as  smaller  and  more  uniform 
panicles  than  those  prepared  by  related  synthetic  methods.  The  elemental  core  composition  of  the 
molecular  precursor  provides  some  degree  of  synthetic  control  over  the  elemental  composition  of 
the  nanophase  material.  Nanoclusters  of  Ag,  Cu,  Ge,  Os,  or  Pt  are  obtained  from  thiolate  or 
phosphine  precursor  complexes.  Nanoclusters  of  CC03,  Fe2P,  or  Ni2P  are  obtained  from  metal 
carbonyl  or  phosphine  precursors  using  solely  reductive  thermal  conditions.  The  formation  of 
the.se  latter  nanophase  substances  indicates  that  this  synthetic  method  might  find  application  in  the 
synthesis  of  nanopha.se  materials  that  are  difficult  to  prepare  by  other  methods.  A  preliminary 
report  on  the  use  of  this  synthetic  method  is  available  |28). 
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ABSTRACT 

The  design  of  molecular  precursors  to  materials  for  catalysis  will  be  described.  Aluminum 
fluoride  is  an  important  catalytic  material  for  fluorocarbon  transformations  which  are  key  to  the 
production  of  CFC  alternatives.  Catalytic  activity  is  closely  related  to  the  crystalline  phase  of  the 
bulk  AIF3  and  we  show  how  this  phase  chemistry  can  be  precisely  controlled  using  molecular 
precursors  to  produce  pure  known  phases  and  also  to  extend  to  previously  unknown  phases.  A 
similar  approach  to  vanadyl  phosphate  oxidation  catalysts  will  be  described  where  cluster 
chemistry  can  be  invoked  to  generate  isolated  fragments  of  a  catalyst’s  struaure  and  then  used 
either  to  explore  mechanism  or  be  used  as  precursors  to  functional  catalyst  materials.  The 
underlying  themes  of  controlled  molecular  precursor  synthesis,  resultant  processability  and 
eventual  easy  conversion  to  useful  materials  are  emphasized  throu^iout 


INTRODUCTION 

The  journey  &om  isolated  small  molecule  to  extended  bulk  solid  is  a  trek  which  crosses  several 
traditional  scientific  disciplines  and,  therefme,  materials  in  the  intermediate  size  regime  have 
received  less  attention  than  perhaps  they  merit  The  realization  that  these  intermediate  materials 
have  unique  prc^tetties  of  their  own  has  spurred  synthetic  chemists  to  turn  mote  attention  to  the 
construction  of  molecular  precursors  and  their  subsequent  conversion  into  larger  assemblies  and 
extended  bulk  solids.  One  early  example  of  this  ^proach  has  been  the  proliferation  of  sol-gel 
based  ceramic  syntheses  where  a  molecular  material  such  as  tettaethylorthosilicate  has  been  used  as 
the  fundamental  building  block  to  construct  a  macroscopic  material  -  in  this  case  silica  -  by  simple 
chemical  transformation.  Molecule-based  routes  to  functional  materials  offer  the  possibilities  of 
new  mechanistic  understanding  of  their  functionality  and  perhaps  rational  control  over  bulk 
properties.  Equally  important  is  the  potential  fOT  exploiting  new  uses  for  traditional  materials  by 
permitting  their  production  in  non-traditional  forms  or  phases  and  with  possibly  enhanced 
processability. 
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Our  approach  has  been  to  borrow  a  concept  long-used  by  organic  chemists,  the  idea  of 
retrosynthesis.  “Given  a  target  inorganic  material,  how  can  we  design  a  molecule  having  the 
structural  and  reactivity  features  necessary  for  its  eventual  assembly  into  a  desired  solid-state 
structure?  Can  we  learn  something  about  the  assembly  process  itself  which  may  shed  light  on  the 
origin  of  the  desirable  properties  '  'le  functional  material?  Can  we  use  this  knowledge  to  actually 
engineer  the  solid  so  as  to  ‘tai  aew,  desirable  properties?”  With  these  as  the  lofty  goals,  this 

contribution  will  briefly  desci, .  -  u  case-histories  horn  our  own  laboratory  where  we  have  tried 

to  use  these  ideas  to  generate  new  materials  or  new  understanding  of  iraditiaoal  functional  materials 
fiom  the  areas  of  catalysis  (AIF3  and  vanadium  phosp^tes). 

FLUOROALUMINATE  CATALYSTS  AND  PRECURSORS 

Fluorides  of  aluminum  are  some  of  the  most  important  of  inorganic  materials  manufactured  since 
they  find  use  both  as  comnKxlity  chemicals  [1]  (in  the  aluminum  industry)  and  as  catalysts  fw  the 
new  “ozone  benign"  chlorofluwocarbon  alternatives  [2],  In  this  latter  application  it  has  become 
clear  that  the  catalytic  activity  of  AIF3  is  suongly  dependent  on  the  structural  phase  used  [3],  This 
has  led  to  extensive  study  of  the  phase  chemistry  of  AIF3  and  an  attendant  folklore  has  evolved 
around  the  phase  diagram  of  AIF3  itself.  Two  phases  are  well  characterized  -  a  and  p  -  with 
reliable  synthetic  and  structural  data  available  [4,Sj.  In  both  cases,  the  structures  are  built  of 
octahedral  [A1F6]  units  where  all  of  the  fluoride  ions  are  corner-shared.  The  patent  literature  is 
lepleat  with  a  litany  of  other  less-substantiated  claims  to  additional  phases  ( e.g.  y,  8,  e)  which  may 
represent  either  impute  materials  or  mixtures  of  the  better  characterized  phases  [2,6].  With  this 
background,  we  began  to  explore  the  phase  chemistry  of  AiF3  -  applying  the  retrosynthesis 
strategy  described  above.  As  our  molecular  precursors,  we  wished  to  explore  isolated 
fluoroaluminatc  salts  which  could  then  be  thermally  transformed  into  AiF3  itself.  In  order  to 
achieve  this  latter  goal  we  decided  to  investigate  organic  cation  salts  of  the  form  M'^AlFs'  (where 
M  is  an  organic  cation)  so  that  simple  thermal  degradation  could  release  the  equivalent  of  MF  as  a 
volatile  species  leaving  behind  AIF3.  On  commencing  this  work  we  quickly  discovered  that  the 
literature  described  no  examples  of  the  tetrafluoroaluminate  anion  which  is  implicit  in  these  salts. 
Rather,  all  fluoroaluminate  materials  reported  to  that  point  existed  as  comer-shared  octahedral 
[AlFg]  species  and  this  is  true  even  for  those  materials  with  stoichiometries  which  superficially 
appear  to  contain  the  [AIF4']  anion  (MAIF4,  M=K,  Rb,  NH4,  T1  [7]).  We  set  out  to  explore  the 
existence  of  salts  of  mganic  cations  with  true  tetrahedral  isolated  AIF4'  anions  and  to  investigate 
their  utility  as  precursors  to  AIF3  catalysts. 

Reaction  of  trimethylaluminum  or  aluminum  di(isopropoxide)  acetoacetic  ester  chelate  with  the 
HF.pyridine  adduct  in  a  ratio  of  A1:F  1:4  was  performed  in  pyridine  solvent  in  a  plastic  container 
under  an  inert  aimo^here  [8].  The  strongly  exothennic  reaction  deposits  a  white  matoial  which  is 
essentially  insoluble  in  all  common  solvents.  The  microctystalline  solid  has  the  stoichiometry 
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[pyridine-H]'^AlF4‘  and  is  produced  in  close  to  quantitative  yield.  M.A.S.^^F  n.m.r.  (broad 
peak  at  5  » -IS^tpin)  suggests  that  the  solid  consists  not  of  tetnhednl  [AIF4']  species  but  ratbo'of 
the  ubiquitous  [AlFfi]  octahedral  species  and  therefore  implies  extensive  fluoride  bridging 
consistent  with  the  low  solubility.  This  solid  may,  however,  be  rendered  soluble  in  either 
acetonitrile,  methyleiie  chloride  or  methanol  by  metathesizing  the  pyridinium  cation  [8]  to  any  of  a 
number  of  other  cations  such  as  N(CH3)4*,  PCPhls*,  AsfPhls'*’,  2,4,6-trimethylpyridinium 
(coUidinium),  l,8-bis(diiiiethylamino)titq)hthaleneif*'  (proton  sponge,  PS  (Aldrich)).  All  of  these 
materials  (and  other  related  cation  species)  can  be  prq>ared  and  crystallized  [8,9]  and  all  have  been 
shown  (by  x-ray  single  crystallography)  to  contain  the  previously  unconfirmed  AIF4'  tetrahedral 
anion  as  an  isolated  species.  Figure  1  depicts  the  crystal  structure  of  the  PSH*  salt  and  lists  some 
of  the  important  sttucuiral  data. 


Figure  la).  Molecular  structure  of  the  salt  PSH^-AlFs'.  Al-F,v.  =  1.62(3)A;  F(l)-H(l)  =  2.77A. 
b)  ^A1  (78.31MHz)  and  (282.78MHz)  n-tru.  spectra  of  PSH'^'.AlFs'  in  d^-acetonittile. 
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The  accompanying  and  nmr  spectra  the  PSH'*'  material  dissolved  in  acetonitrile 
categorically  confirm  the  existence  of  the  tetrahedral  anion  in  solution  while  MA.S  n.m.r. 
shows  a  single  very  sharp  peak  at  5  =  -t87ppm  which  turns  out  to  be  characteristic  of  the 
tetrahedral  anion  in  the  solid-state.  In  all  cases,  it  ^tpears  that  the  tetiahedral  anion  has  little  or  no 
prtqtensity  for  interaction  with  the  organic  cations  via.  hydrogen  bonding.  This  is  in  stark  contrast 
to  octahedral  [AlFfi]  species  which  almost  always  become  involved  in  hydrogen  bonding  or 
bridging  to  avoid  terminal  fluoiide  species  [8]. 

This  wealth  of  new  organic  salts  of  AIF4*  permits  the  investigation  of  their  thermal 
“deconqrosition”  into  AIF3  via.  loss  of  the  organic  cation  fluoride  equivalent  as  represented  in  (1). 

MAIF4  - >  MF  +  AIF3  (1) 

Our  intent  was  that  the  MF  species  would  be  “volatile”  at  moderate  temperatures  and  would  thereby 
allow  production  of  AIF3  at  unprecedentedly  low  temperatures  -  perhaps  allowing  the  preparation 
of  hitherto  unknown,  metastable  phases. 


TEMPERATURE  TO 


Figure  2.  TGA  curves  of  a)  pytidiniumAlFa  b)  N(CH3)4A1F4.  c)  P-NH4AIF4  (Run  in  N2  at  a 
ramp  of  10°C^nin.  Stoichiometries  calculated  fiom  wei^t  changes  are  indicated  on  the  curves). 


Beginning  with  the  original,  insoluble  pyridinium  salt,  TGA  reveals  two  weight  loss  events  as 
temperature  is  raised.  Between  100  and  200°C  pyridine  is  lost  quantitatively  leaving  a  material  of 
stokhiooietry  HAIF4.  At  a  clean.  afanq)t  evolution  of  HF  from  this  material  leaves  pure  AIF3 
with  no  funher  weight  changes  up  to  900*C  (Figuie  2a.).  At  this  point  XRD  reveals  it  to  be  phase 
pure  a-AlF3  with  no  contaminatioa  from  any  other  mamrial  including  AI2O3  (any  phase).  The  new 
material  HAIF4  (nomiiuUy  a  solid  acid  but  chemically  does  not  appear  to  act  as  such)  is  crystaliine 
as  revealed  by  XRD  (Hgure  3a)  and  the  structure  is,  as  yet,  unknown.  The  XRD  pattern  of  the 
AIF3  produced  immediately  afiDer  evolution  HF  from  the  HAIF4  material  at  325°C  (Figure  3b) 
reveals  a  major  crystalline  phase  reminiscent  of  the  known  pyrochlore  materials  AlFx(OH)3.x 
(0.4<x<2.07)  [10]  and  FeF3  [1 1].  Pure  AIF3  having  this  structure  has  never  been  reported  and  so 
we  have  refined  this  structure  using  XRD  data  and  Reitveld  tcchriiques.  The  new  phase  is 
designate.’  ^^F■J  aitd  the  structure  refines  very  well  in  the  pyrochlore  model.  The  structure  is 
depicted  Figure  4a  and  can  be  viewed  as  a  relative  of  the  established  ^A1F3  phase  having  the 
same  nanoporous  openings  defined  by  comer-shared  rings  of  six  [AlFg]  octahedra.  However, 
where  the  ^-phase  has  these  openings  aligned  along  [001]  of  the  crystal  fonning  straight  channels, 
the  ri-pbase  has  adjacent  rings  tilted  with  reqrect  to  each  other  producing  an  undulating  channel 
along  [1 10]  of  atqjtroximate  diameter  2.6A.  This  undulation  is  imposed  by  the  other  key  structural 
feature  of  the  T\-phase  -  the  presence  of  clusters  of  four  tetrahedrally-disposed  [AIF^]  octahedra. 
Three  fluoride  ions  from  each  of  the  four  octahedra  of  the  cluster  ate  comer-shared  to  the  other 
duee  octahedra  of  the  cluster. 
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Figure  4.  (a)  Steicodrawing  of  the  'n-AlF3  structure  (polyhedral  representation)  looking  nearly 
patalld  to  the  [1 10]  direction  to  show  the  channels  which  run  through  the  crystal.  Bond  length:  Al- 
F,  1.803(1)  A.  Bond  angles;  cis  F-Al-F,  89.8(1)”  and  90.2(1)”;  Al-F-Al,  141.3(1)”.  (b) 
Stereoview  of  a  single  “layer”  (polyhedral  representation)  of  B-AIF3  emphasizing  the  4  and  5  rings 
of  the  linked  [A1F6]  octahedra.  The  Al-F  bond  lengths  range  fiom  1.738(5)  to  1.862(2)  A;  the  cis 
and  OYWU  F-Al-F  angles  are  all  within  3”  of  90.0  and  1 80.0,  respectively;  the  Al-F-Al  angles  vary 
fiom  140.2(2)  to  180.0°.(c)  Single  layer  polyhedral  rqncsenuttion  of  the  structure  of  K-AIF3 
(layers  are  fused  perpendicular  to  this  view  by  means  of  Al-F-Al  linkages). 
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When  the  organic  cadoo  is  N(CH3)4'^  [9]  the  thetmal  behavior  is  quite  different  (Hguie  2b).  The 
single  weight-loss  event  at  4S0°C  conesponds  exactly  to  loss  of  the  equivalent  of  N(CH3)4F.  The 
product  AIF3  at  4S0°C  has  an  XRD  pattern  (Figure  3c)  with  a  major  crystalline  jrfuue  which  could 
not  be  matched  to  any  previously  known  structural  phase  of  AIF3  [12].  This  new  tetragonal  phase 
of  AIF3  is  designated  the  6-phase  and  its  structure  was  refined  by  combined  XRD  and  neutron 
powder  diffraction  analysis.  The  structure  is  dqpicted  in  Hgure  4b  and  again  consists  of  comer- 
shared  [AlFe]  octahedra.  The  unit  cell  has  4  independent  A1  and  seven  independent  F  atoms 
assembled  into  rings  of  S,  4  and  3  [AlFg]  octahedra.  The  S-rings  form  an  undulating  3-D 
interconnected  channel  system  around  tetrahedral  clusters  ol  four  [AIFg]  octahedra  -  this  latter 
feature  being  identical  to  that  found  for  the  q-phase  described  above.  The  micrtqxrrous  nature  of 
this  new  phase  is  simiUr  to  that  of  the  ^A1F3  and  q-AlF3  phases. 

The  appearance  of  the  material  HAIF4  in  the  {separation  of  q-AlF3  was  intriguing  and  we  sought 
to  {ne{>are  macrocrystalline  samples  for  crystallography.  One  a^tproach  which  suggested  itself  was 
to  attem{S  to  dissolve  the  pyridinefT*' AIF4  {secursor  material  into  some  high  boiling  {wint  solvent, 
heat  it  in  an  inert  atmoqihere  to  boil  out  the  pyridine  and  allow  the  HAIF4  material  to  crystallize 
from  the  cooled  solution.  One  solvent  which  proved  viable  for  this  ^tptoach  was  formamide  which 
was  an  excellent  solvent  for  the  pyridinium  salt.  Heating  to  180°C.  a  concentrated  solution  of 
pyridinium  salt  begins  to  boil  and  fizz  vigorously  whereupon  a  clear  solid  begins  to  precipitate.  On 
cooling,  a  copious  white  precipitate  forms  and  may  be  collected  for  XRD.  The  solid  is 
mkrocrystalline  but  the  XRD  is  unlike  the  expected  HAIF4  phase.  After  detailed  TGA  (see  Figure 
2c),  chemical  and  XRD  analysis  it  was  clear  that  the  material  was  in  fact  of  sunchioroetry  NH4AIF4 
fotmed  via.  attack  of  the  fluoroaluminaie  u|xxi  the  formamide  solvent  itself  in  a  manner  similar  to; 

pyridineHAlFa  +  HCX)NH2  - >  pyridine  +  CO  +  NH4AIF4  (2) 

However,  the  XRD  pattern  was  unlike  that  (neviously  reported  for  this  ammonium  salt  [6]  and 
detailed  Reitveld  analysis  reveals  the  strucTure  to  be  a  new  ^phase  of  this  material.  The  structure  is 
a  layered  motif  wherein  sheets  of  comer-linked  [AlFd  octahedra  are  connected  to  form  3, 4  and  S 
rings  in  a  motif  identical  to  that  depicted  in  Figure  4c.  Between  these  layers  reside  the  anmx>nium 
cations.  While  similar  to  the  known  a-phase  [6]  (in  that  the  structure  is  com{x>sed  of  sheets  of 
comer  -shared  [AIF^]  octahedra  sandwiched  with  ammonium  ions)  the  connectivity  within  the 
sheets  is  very  differenL  The  registry  between  sheets  is  also  different  and  overall,  the  structure  is 
very  similar  to  the  P-phase  stmeture  of  RbAIFs  [13].  TGA  of  this  new  ]>hase  shows  a  single 
weight  loss  event  at  3S()-400°C  corresponding  to  loss  of  NH4F  (Figure  2c)  and  the  {noduct  AIF3 
has  an  XRD  (Figure  3d)  which  is  clean  and  is  again  a  new  phase  which  we  designate  k.  Detailed 
Reitveld  analysis  of  the  powder  dif&action  data  reveals  a  structure  which  is  de|>icted  in  Figure  4c. 
This  structure  is  doived  fiom  the  precursor  ammonium  salt  by  retaining  die  layer  connectivity  but 
eliminating  ammonium  fluoride  ftom  between  the  layers,  bringing  the  layers  into  perfect  registry 
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and  then  fusing  the  layers  together  via.  Al-F-Al  linkages.  This  is  thereftne  refened  to  as  a 
pseudotopocactic  transfonnation  in  that  the  layer  stnictuie  of  the  precursor  is  maintained.  The 
stnicture  has  linear  channels  running  thiough  the  crystal  comprised  S,  4  and  3  rings  of  comer 
shared  [AlFd  octahedra. 

Surface  areas  for  the  three  new  phases  (from  BET  nitrogen  absorption)  are  -58,  64  and 
19in^/gm  for  Ti ,  0  and  K-pbases  respectively.  Detailed,  in  situ,  XRD  studies  of  all  of  the  known 
and  new  phases  make  it  clear  that  the  a-phase  is  the  theimodynaniically  most  stable,  the  t|,  0 
and  K  phases  do  not  interconvert  amongst  themselves  but  rather  all  convert  to  a  in  the  600-7(Xy’C 
regime.  It  is  further  clear  that  the  phase  of  AIF3  produced  in  any  given  synthesis  is  apparently 
dictated  by  the  temperature  of  synthesis  but  more  eqtecially  by  the  nature  of  the  precursor  from 
which  it  is  made.  In  our  cases,  we  find  that  the  inteniiediacy  of  a  HAIF4  phase  seems  to  be 
requited  for  production  of  the  q -phase.  The  6-phase  can  be  produced  from  almost  any 
decomposable  organic  cation  which  cannot  proceed  through  a  discrete  HAIF4  phase.  Finally,  the 
K-phase  is  only  formed  in  the  pseudo-topotactic  transformation  from  the  new  ^NH4A1F4  phase. 

These  new  phases  ate  now  in  the  process  of  being  tested  catalytically  for  a  wide  variety  of 
fluorocarbon  transformations  to  determine  what,  if  any,  correlations  can  be  made  between 
structure/surface  area  and  reactivity. 

VANADYL  PHOSPHATE  MATERIALS 

The  partial  oxidation  of  n-butane  to  maleic  anhydride  is  a  remarkable  and  commercially  important 
example  of  heterogeneously  catalyzed  oxidation  chemistry  [14].  The  catalyst  preferred  for  this 
transfrnmation  is  vanadyl  pyrophosphate  (VO)2(P207)  or  VPO  and  while  it  is  used  commercially 
its  mechanism  of  action  is  still  a  subject  of  much  research  [15].  In  particular,  this  catalyst  is  known 
to  use  lattice  oxygen  atom  species  for  inemporation  into  the  organic  noolecules  and  the  form  and 
method  of  insertion  of  these  oxygen  atom  species  is  of  acute  interest  as  is  their  method  of 
regeneration  from  molecular  oxygen.  As  with  many  catalyst  materials,  the  exact  method  of 
preparation  is  critical  to  a  high  activity  and  selectivity  matenal.  We  have  adopted  the  molecular 
precursor  approach  to  VPO  to  serve  a  dual  function  1)  as  a  method  for  controlled  preparation  of 
processable,  dispersiUe  or  modified  catalyst  materials  and  2)  as  a  method  for  generating  small,  yet 
identifiable,  pieces  of  the  bulk  VPO  lattice  and  using  these  to  probe  the  structure/reactivity 
characteristics  of  the  catalyst  itself. 

The  structure  of  VPO  itself  as  a  phase  pure  crystalline  material  is  depicted  schematically  in  Hgute 
5.  Key  structural  features  include  the  presence  of  tfimeric  (VO)2  units  which  lie  in  sheets  and  ate 
coordinated  by  O  of  the  pyrophosphate  groups.  The  pyrophosphate  groups  lie  roughly 
perpendicular  to  the  sheets  and  link  sheets  together.  The  vanadyl  groups  from  consecutive  sheets  in 
the  structure  ate  in  approximate  tegistty  and  die  vanadyl  oxygm  atoms  from  each  pentacoordinate 
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Figure  5.  Schematic  representation  of  the  bulk  VPO  stnictuie  emphasizing  connectivity  (for  a 
detailed  description  of  the  crystal  structure  see  ref  [IS]). 

vanadium  coordinate  weakly  into  the  sixth  coordination  site  of  the  vanadium  in  the  next  adjacent 
sheet  Finally,  the  duneric  (VO)2  units  are  surrounded  by  eight-membcred  tings  of  -VOPOVCffO- 
linkage.  Questions  abound  about  the  fiinctitxiing  of  this  material  and  a  vast  pool  of  data  exists  to 
address  those  questions  [IS].  In  this  brief  description  we  shall  only  consider  one  molecular  species 
which  models  some  of  the  structural  features  of  VPO  and  which  can  be  consklered  as  a  processable 
molecular  precursor  to  ‘VFO-like’  species.  This  work  is  ongtmg  and  this  short  description  should 
be  viewed  as  a  progress  report 

Taking  vanadyl  ttis-isopropoxide  and  diethylphosphate  with  a  minimum  of  acetonitrile  solvent 
under  an  inert  atmosphere  rapidly  converts  the  originally  yellow/orange  mixture  to  a  Uue/green  and 
eventually  generates  a  deep  blue  solid  mass  fitom  which  crystals  form  on  standing.  X-ray  structural 
analysis  of  these  ciystals  reveals  that  they  are  composed  of  a  remarkable  ttimetk  molecular  cluster 
which  engenders  several  key  structural  features  of  VPO  itself.  Figure  6a.  The  neutral  cluster 
possesses  three  (VO)  units  where  the  vanadium  is  in  the  oxidation  state.  Since  die  starting 
reagent  is  a  vanadium  -t-S  species,  the  reaction  has  led  to  internal  reduction  of  the  vanadium  and 
concurrently  some  of  the  co-product  isoinopanol  has  become  oxidized  to  acetone  (detected  by 
n.nLT.).  This  is  an  example  of  the  oxidizing  power  of  phosphato  co-ordinated  vanadium  S-t- 
qiecies  and  may  be  related  to  the  active  surface  species  in  functioaing  VPO  catalysts.  The  isolaied 
vanadyl  groups  are  coordinated  exclusively  by  phosphato  oxygen  atoms  in  a  cyclic  ting  built 
exclusively  trf  the  eight-ring  naotif  meatioiied  above.  Perhaps  most  intriguing  is  die  “re-entranf  ’ 
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Figure  6  a)  Oystal  stnicturB  of  the  (VO)3{(EtO)2PC)2)6-CH3CN  with  the  ethyl  groups  omitted 
for  clarity  (the  centnl  O  makes  contacts  of  2.76S(3)A  with  the  other  2  V  atoms)  and  b)  TGA  trace 
of  its  thermal  decoct^tositioa  in  N2. 


nature  of  one  of  the  vanadyl  oxygen  groups  (IQ.  In  order  to  satisfy  the  qrparent  desire  of  the 
species  for  a  ligand  in  their  sixth  co-oidinatioa  site  the  ttimer  has  turned  one  of  its  oxygen 
atoms  into  the  cluster  interior  so  that  it  may  interact  with  the  other  two  vanadium  sites.  In  so  doing 
this  vanadyl  group  exposes  its  own  sixth  comdination  site  to  the  molecular  exterior  and  this  Lewis 
acid  site  is  coordinated  by  solvent  acetonitrile.  The  V=0-V  interaction  is  reminiscent  of  the 
interlayer  connectivity  of  VFO  itself  (Hguic  S).  The  cluster  is  very  soluble  in  acetonitrile  and 
exhibits  interesting  c.ps  behavior  wherein  a  22-line  signal  is  detected  at  room  temperature 
indicating  that  the  unpaired  electrons  are  delocalized  over  all  three  vanadium  sites  in  the  cluster 
[17]. 

Taking  this  solid  material  and  heating  in  nitrogen  in  TGA  reveals  the  expected  weight  losses  for 
evolution  of  acetonitrile,  ethanol  and  diethylether  in  successive  steps  at  -80°C  (acetonitrile)  and 
"SOO^C  (ethanol  fragments)  (Figure  6b)  leaving  a  material  of  the  stoichiometry  VO(PC>3)2.  XRD 
reveals  that  our  material  is  the  same  phase  as  previous  prqwrations  of  this  material  [18]  although 
ours  is  a  lower  temperature  route  to  it  and  potendaUy  provides  a  route  for  dispersion  onto  high 
surface  area  supports.  Catalytic  testing  of  this  product  in  butane  oxidation  shows  low  but 
detectable  activity  for  the  pure  material.  The  loss  of  acetonitrile  at  such  a  low  temperature  suggests 
also  that  the  tniginal  trimetic  cluster  can  be  readily  “activated”  to  generate  a  Lewis  acid  site  at  the 
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Lewis  acid  site  at  the  V'^'^  site  and  invesngadons  of  the  role  of  such  site  j  in  the  surface  chemistry 
of  VPO  with  organic  molecules  can  be  probed  with  this  molecule. 

CONCLUSIONS 

Examples  from  two  catalyst  material  areas  have  shown  the  value  of  a  detailed  understanding  of 
precursor  chemistry  and  synthesis  in  producdon  of  new  or  more  versatile  materials.  The  detailed 
examples  from  the  AIF3  arena  show  how  a  wealth  of  new  chemistry  and  catalyst  materials  can  be 
extracted  &om  an  elaboration  of  the  theme  of  designed  molecular  precursots.  Tlie  brief  description 
of  our  newer  aiea  of  VPO  oxidatioa  catalyst  materials  reinforces  the  belief  that  molecular  chemistry 
can  directly  impact  materials  preparadon.  Additionally,  however,  we  believe  that  these  same 
molecular  precursors  can  begin  to  find  use  in  augmenting  the  understanding  of  how  the  bulk 
materials  function  -  small  molecular  pieces  of  extended  structures  open  the  possibilities  for 
traditional  soluaon  phase  and  other  small  molecule  charactoizational  techniques  to  be  applied  to 
these  problems. 
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ABSTRACT 

Diamond-like  nanocomposite  (DLN)  and  metal  containing  DLN  (Me-DLN)  films, 
synthesized  in  a  combined  process  of  deposition  of  carbon-silicon  precursor  and  magnetron 
sputtering  of  a  metal  target,  have  been  examined  by  Auger  electron  spectroscopy,  Raman  and 
IR  spectroscopy,  nanoindentation  and  internal  stress  measurements.  The  stability  of  the  films 
under  ion  and  electron  irradiation  and  thermal  annealing  has  been  tested. 

INTRODUCTION 

The  development  of  a  new  class  of  materials,  DLN,  which  consist  of  random  networks 
of  carbon  and  silicon  have  been  described  previously  [1-3].  These  materials  possess  a  unique 
combination  of  chemical,  mechanical,  electronic,  and  superconducting  properties.  In  this  report 
we  focus  on  the  mechanical  and  electrical  properties  and  type  of  carbon  chemical  bonding  in 
DLN  and  metal  containing  DLN  and  their  stability  under  irradiation  and  high  temperature 
annealing. 

EXPERIMENTAL  DETAILS 

The  technology  for  DLN  films  has  been  developing  since  the  end  of  the  1970s  [1].  The 
key  principles  of  DLN  synthesis  are  as  follows:  clusterless  initial  beams,  no  collisions  between 
atoms  or  radicals  in  the  chamber,  optimum  initial  fragmentation  of  C-Si  precursors  into  low 
radicals  and  SiO,  optimum  beam  energy  and  low  substrate  temperature.  Several  methods 
and  precursors  have  been  compared,  but  the  best  approximation  to  DLN  today  remains  in  films 
which  are  produced  in  a  plasma  enhanced  co-deposition  process  on  if  biased  substrate  from 
polyphenilmetilsiloxane  [(C2H5)3SiO(CH3C5H5SiO),Si(CH,)i]  with  evaporation  of  metals  or 
sputtering  of  metal  targets.  The  deposition  regimes  are  presented  in  another  paper  at  this 
conference  [4].  Film  thicknesses  were  about  1  f»m. 

The  mechanical  properties  of  these  films  were  investigated  using  a  load  and  displacement 
indentation  test  performed  by  a  nanoindenter.  In  all  cases  sixteen  indents  were  performed  on 
each  sample.  The  detailed  description  of  these  measurements  is  presented  elsewhere  [5].  A  four 
probe  test  was  used  to  define  the  surface  resistivity.  Measurements  of  the  temperature 
dependence  of  the  resistance  were  performed  on  DLN  with  Ti  electrodes  (deposited  in  IDT 
vacuum)  fabricated  on  (a)  sitall  and  (b)  <001  >  p-Si  (p  =  5x10'’  Q-cm).  The  stress 
measurements  were  performed  using  a  two  laser  beam  system  calibrated  by  Flexus  2-300.  The 
difference  in  substrate  curvature  was  used  to  calculate  the  film  stress  from  the  Stoney  equation 
[6].  Auger  spectra  were  taken  in  an  UHV  chamber  with  a  3  keV,  30  mkA  electron  beiun  for 
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excitation.  Standard  phase-sensitive  detection  methods  with  a  2  V  peak-to  peak  modulation 
voltage  were  used  (7).  The  sputtering  was  performed  by  means  of  a  4  keV  Ar  beam.  The  Raman 
and  IR  spectroscopy  experimental  setup  and  results  are  presented  in  [4]. 

EXPERIMENTAL  RESULTS 

Mechanical  Properties 

Adhesion 

DLN  and  Me-DLN  films  showed  good  adhesion  (tested  by  tape  pull)  on  various  metals 
and  plastics.  The  rating  for  tape  adhesion  per  ASTM  D33S9,  Method  B  were  SB  and  3B  for 
DLN  on  high  density  polyethylene  and  Teflon  (tested  at  Buffalo  Testing  Laboratories,  Buffalo. 
NY),  respectively.  The  DLN  film  also  was  used  as  an  intermediate  layer  to  glue  the  teflon  band 
to  steel  by  epoxy.  High  adhesion  was  proved  bcth  by  pull  test  and  high  frequency  ultrasound 
measurements  (tested  in  Lorex  Industries,  Inc.,  Poughkeepsie,  NY). 

Elastic  Modulus  and  Hardne.ss 

Presented  in  Table  I  are  the  elastic  raodulii  (EM)  and  hardness  (H),  together  with  their 
la  standard  deviation,  for  DLN  and  various  Me-DLN  films.  The  TiN-DLN  and  Zr-DLN 
materials  possess  the  highest  E  and  H  among  the  films  smdied.  For  these  samples  the  ratio  H/E 
*  0.1.  It  should  be  mentioned  that  standard  Knoop  measurements  show  3-4  times  higher 
hardness  than  nanoindentation  [8].  The  values  of  EM  and  H  of  DLC  films  obtained  by 
nanoindentation  are  in  the  range  40-130  GPa  and  5-15  GPa,  respectively,  [8,9]  which  is  close 
to  our  experimental  data. 

Stress 


Hard  diamond-like  carbon  (DLC)  films  possess  high  compressive  stress  (usually  more 
than  1  GPa)  [10],  whose  origin  is  still  not  clear.  The  stress  was  found  to  be  dependent  on 
hydrogen  concentration  [11]  or  the  energy  of  ion  beam  [10].  The  internal  stress  in  as-deposited 
DLN  films  is  also  compressive  but  in  the  range  of  200-350  MPa.  The  stress  in  Me-DLN  films 
does  not  depend  on  sheet  resistance  (p,)  for  Pt,  Cr,  and  Pd  but  for  Zr,  W,  Cu,  and  Ta  it 
increases  when  p,  decreases.  For  example,  in  the  case  of  Zr-DLN  the  change  in  stress  from  0 
to  -1 100  MPa  corresponds  to  a  decrease  in  p,  from  470  0/  □  to  4  0/  □  [5]. 

Electrical  properties 

The  electrical  resistance  of  DLN  films  can  be  varied  over  15-17  orders  of  magnimde. 
i.e.,  from  that  of  wide  band-gap  semiconductors  to  that  of  amorphous  metals  [2].  Values  ofo, 
in  the  DLN  films  of  the  present  study  were  found  to  lie  in  the  range  10'^-10“  0/  □  .  The  I-V 
characteristics  of  the  DLN  on  p-doped  Si  showed  a  strong  rectifying  effect  when  a  positive 
voltage  was  applied  to  the  film  [12].  The  independence  of  the  breakdown  voltage  (600-9(X)  V) 
on  the  film  thickness  (30-300  nm)  suggests  that  the  properties  of  the  Si  depletion  layer  also  must 
be  taken  into  account. 
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Table  1.  Sheet  resistance,  elastic  modulii  and  hardness  of  as-deposited  films. 


Material 

Sheet 

Resistance 

(«/□) 

Elastic 

Modulus 

(GPa) 

Standard 

Deviation 

(GPa) 

Hardness 

(GPa) 

Standard 

Deviation 

(GPa) 

DLN 

10‘’ 

84.0 

4.0 

6.3 

0.4 

Ti-DLN 

90.2 

98.9 

5.2 

8.1 

0.7 

TiN-DLN 

6.0 

184.5 

19.0 

17.7 

3.9 

W-DLN 

8.9 

123.5 

11.1 

9.6 

1.6 

W-DLN 

320.0 

86.7 

7.0 

8.6 

1.3 

Hf-DLN 

76.1 

109.0 

5.9 

8  9 

1.1 

HfN-DLN 

90.1 

138.8 

7.3 

11.3 

1.0 

Cr-DLN 

0.4 

160.5 

12.9 

8.9 

1.4 

Zr-DLN 

2.8 

192.7 

8.8 

20.7 

1.7 

ZrN-DLN 

69.6 

131.7 

7.1 

9.8 

0.6 

Thermal  stability 

Thermal  stability  is  a  main  problem  of  amorphous  DLC  films.  In  the  annealing  smdy  of 
Grill  et  al  [13]  the  internal  stress  of  DLC  decreased  considerably  after  annealing  in  vacuum  at 
390°C  but  annealing  at  440-490°C  reduced  the  stress  from  1.5  GPa  to  practically  zero.  No 
hydrogen  effect  on  the  stress  change  was  observed  in  this  report.  Probably  this  stress  reduction 
is  related  to  an  sp’  to  sp^  transformation.  The  lengths  of  the  C-C  bond  in  sp*  and  the  C=C 
bond  in  sp^  ate  0.154nm  and  0.142nm,  respectively.  According  to  KoidI  et  al  [14]  the  thermal 
decomposition  of  a-C;H  is  caused  by  a  loss  of  chemically  bonded  hydrogen  and  resulting 
dangling  bonds  rearrange  by  forming  sp^  bonds.  Graphitization  is  reflected  in  the  changes  of  the 
DLC  properties,  particularly  the  drastic  increase  of  the  electrical  conductivity  (two  orders  of 
magnitude  at  350hC  in  [14]).  For  comparison,  thermal  annealing  in  air  (2  hrs  at  350^  2  hrs 

at  4(X)°C)  decreased  the  DLN  stress  by  10%  and  by  25%  after  1  hr  annealing  at  5(X)°C  in 


Table  II.  Electrical  and  mechanical  properties  of  annealed  Me-DLN  films. 


I  Material 

Sheet 

Resistance 

(«/□) 

Elastic 

Modulus 

(GPa) 

Standard 

Deviation 

(GPa) 

Hardness 

(GPa) 

Standard 

Deviation 

(GPa) 

Cr-DLN 

0.4 

145.3 

7.4 

7.0 

0.7 

TiN-DLN 

6.0 

179.7 

17.2 

18.0 

3.9 

Zr-DLN 

2.4 

168.6 

12.4 

17.1 

3.4 
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vacuum. 

Shown  in  Fig.  1  is  the 
temperature  dependence  of  p, 
of  DLN/sitall  [heating  ( • )  and 
cooling  (O)].  For  comparison 
purposes  we  also  show  the 
data  for  the  sitall  substrate 
alone  [heating  (■)  and  cooling 
(□)].  From  the  DLN/sitall 
results  one  can  see  that  high 
temperatures  cause  an  increase 
in  p,  of  the  DLN  film. 

Obviously,  the  change  in 
resistivity  cannot  be  caused  by 
graphitization  but  rather  by  an 
increase  in  the  sp’/sp^  ratio 
or/and  oxidation. 

Listed  in  Table  II  is  the 
influence  of  thermal  annealing 
in  vacuum  ( 1  hr  at  400°C  +  1  hr  at  SOCTC)  on  p,,  EM  and  H  of  some  of  the  Me-DLN  films 
presented  in  Table  1.  The  sheet  resitance,  p,,  of  the  smdied  films  remained  relatively  constant 
as  did  EM  and  H  of  the  TiN-DLN  film.  However,  the  EM  and  H  of  the  Cr-DLN  and  Zr-DLN 
films  decreased  by  10-15%. 

Stability  to  irradiation 

Pd-DLN  films  with  room  temperamre  p,=3,  5,  10  and  500  !!/□  were  studied  by  means 
of  AES.  In  Fig.  2  we  present  the  differentiated  carbon  KLL  (C-KLL)  AES  of  the  3  fl/D  sample 
(a)  as-deposited,  (b)  after  ion  etching  and  after  electron  beam  exposure  for  (c)  10  min,  (d)  180 
min,  (e)  240  min  and  (f)  300  min.  Complete  AES  data  of  these  and  some  other  films  will  be 
published  elsewhere  [15].  For  comparison  purposes  Fig,  3  shows  the  AES  data  of  (a)  natural 
diamond,  (b)  flame  synthesized  diamond,  (c)  graphite  and  (d)  DLC  obtained  by  Ravi  et  al  [16J. 
One  can  see  that  the  carbon  on  as-deposited  Pd-DLN  is  in  a  graphite  state.  Argon  sputtering 
creates  considerable  change  in  the  fine  structure  of  the  C-KLL  spectrum  which  appears  to  be 
very  similar  to  flame  synthesized  diamond  and  consists  of  a  mixture  of  sp^  and  sp^  with  sp’ 
dominant.  During  long  time  exposure  to  electron  irradiation  the  C-KLL  peak  transforms  back 
to  the  graphite-like  structure.  That  is,  the  intensity  of  the  fine  strucmre  peak  located  at  a  lower 
energy  increases  over  the  peak  closest  to  the  primary  C-KLL  peak.  Following  ion  sputtering 
restores  again  "more  diamond"  appearaiKe.  In  our  experiment  the  spot  from  the  ion  beam  is 
considerably  bigger  than  that  of  electron  beam  so  the  sputtered  surface  not  exposed  to  electron 
irradiation  remained  unchanged.  It  is  well  known  that  under  ion  or  electron  irradiation  as  well 
as  thermal  annealing  graphitization  of  diamond  and  DLC  films  occurs  [17].  Pd-DLN  films  have 
showed  increase  in  sp’/sp^  ratio,  i.e.,  the  opposite  behavior  under  ion  bombardment.  Research 
is  ongoing  to  determine  the  role  of  argon  sputtering.  The  evolution  of  the  C-KLL  spectra  under 
electron  irradiation  is  probably  caused  not  by  radiation  damage  but  electron  stimulated  growth 
of  the  carbon  layer  on  the  film  surface  (vacuum  in  the  chamber  was  5xlO*-5xlO'’  T).  This 
conclusion  is  supported  by  the  complete  disappearance  of  the  peaks  of  other  elements  (Pd,  Si, 
O)  present  in  the  Auger  spectra  after  a  long  exposure  to  electron  irradiation  [15]. 


Fig.l  Temperature  dependence  of  the  sheet  resistance. p,,  of 
DLN/sitall  [heating  (•)  and  cooling  (O)]  and  the  sitall 
substrate  alone  [heating  (■)  and  cooling  (□)] 
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Kinetic  Energy  (eV) 


Fig.  2  The  C-KLL  spectra  of  (a)  as-  Fig.  3  AES  spectra  of  (a)  natural  diamond, 
deposited  Pd-DLN.  (b)  after  ion  etching  and  (b)  flame  synthesized  diamond,  (c)  DLC  and 

after  electron  exposure  for  (c)  10  min,  (d)  (d)  graphite. 

180  min,  (e)  240  min  and  (f)  300  min. 


DISCUSSION 

The  obtained  data  can  be  explained  on  the  basis  of  the  following  model.  The  DLN 
structure  is  composed  of  two  random  networks  tied  with  weak  Van  der  Waals  forces:  a  carbon 
network,  mainly  in  the  form  of  sp’  "diamond-like  bonds”  and  a  silicon  "glass-like"  network. 
This  results  in  a  purely  amorphous  structure.  No  Si-C  bonding  has  been  detected  by  FTIR, 
Raman,  XPS  or  other  techniques.  The  C-network  is  chemically  stabilized  by  hydrogen  and  the 
Si-network  by  oxygen.  These  networks  form  an  ideal  matrix  for  the  introduction  of  additional 
atomic  or  molecular  species.  Indeed,  Raman  spectroscopy  measurements  for  both  DLN  and  Me- 
DLN  (metal:  W,  Zr,  Pt)  films  showed  the  same  broad  peak  centered  at  1500  cm  '  typical  for 
diamond-like  carbon  [4].  Also,  no  additional  peaks  in  the  FTIR  spectra  were  observed  in  Me- 
DLN  compared  to  pure  DLN.  An  XPS  study  of  Zr-DLN  films  established  that  no  carbidization 
occurs  after  atmealing  at  4(X)°  C  attd  no  change  was  found  on  Zr-DLN  IR  spectra  after  annealing 
at  600°C  [5].  These  results  probably  support  the  idea  that  metallic  atoms  are  placed  in  the  matrix 
nanopores.  Therefore,  the  implantation  of  a  soft  metal  increases  the  hardness  of  relatively  hard 
DLN  without  formation  of  carbides.  The  qualitative  picture  of  mumal  stabilization  of 
interpenetrating  atomic-scale  filaments  is  presented  in  [2].  In  such  a  structure  the  special 
thermodynamic  properties  of  the  mesoscopic  forms  of  carbon  come  into  play,  i.e.,  the  critical 
size  of  the  graphite  nucleus  is  39  atoms  and  while  that  of  diamond  is  only  14  atoms.  Therefore. 
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the  multi-network  DLN  structure  prevents  graphite  formation  even  at  high  temperatures  while 
the  sp’  bonded  clusters  can  be  fonned  at  relatively  low  temperamre. 


CONCLUSIONS 

Amorphous  DLN  materials  possess  a  unique  combination  of  high  E  and  H,  low  stress  and 
good  adhesion  to  various  substrates.  The  addition  of  soft  metal  increases  both  E  and  H  of  the 
initially  hard  matrix.  In  contrast  to  diamond  and  DLC,  argon  sputtering  increases  the  sfP/sp^ 
ratio  and  thermal  treatment  increases  the  electrical  resistance  Data  obtained  are  explained  as  a 
result  of  multi-network  formation  which  prevents  graphitization  under  various  treatments. 
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ABSTRACT 

We  have  prepared  GaP  and  GaAs  nanoclusters  from  organometallic 
condensation  reactions  of  E[Si(CH3)3]3  (E  =  P,  As)  and  GaCl3.  The  size  of 
the  as  synthesized  clusters  is  10  A  to  15  A.  Larger  clusters  of  20  A  to  30  A 
size  were  obtained  by  thermal  annealing  of  the  as  grown  material.  X-ray 
diffraction  and  transmission  electron  microscopy  confirm  the  high 

crystalline  quality.  A  lattice  contraction  of  6.7%  could  be  seen  for  10  A 
sized  GaAs  clusters.  The  clusters  are  nearly  spherical  in  shape.  Optical 
absorption  spectra  show  a  distinct  line  which  can  be  assigned  to  the 
fundamental  transition  of  the  quantum  confined  electronic  state.  The 
measured  blue  shift,  with  respect  to  the  GaP  bulk  absorption  edge  is  0.53 
eV.  As  the  cluster  is  smaller  than  the  exciton  radius,  we  can  calculate  the 
cluster  size  from  this  blue  shift  and  obtain  20.2  A,  consistent  with  the 
results  from  X-ray  diffraction  of  19.5  A  for  the  same  sample. 

INTRODUCTION 

III-V  semiconductor  nanoclusiers  have  attracted  growing  interest  in 
recent  years  because  of  their  structural,  electronic,  and  optical 

properties.[l J  Clusters  in  the  size  regime  of  a  few  nanometers  show  a 
crystalline  structure,  their  electronic  properties,  however,  are  very 

different  from  those  of  bulk  semiconductors.(2]  The  quantum  confinement 
of  the  charge  carriers  leads  to  distinct  electronic  levels,  having  an  energy 
higher  than  the  bandgap  of  the  bulk  material  (blue  shift).  Due  to  the  long 

coherence  length  of  the  charge  carriers  in  semiconductors,  e.g.  an  excitonic 

Bohr  radius  of  12.4  nm  in  '.lie  electronic  ""d  upiiejl  properties  are 

strongly  influenced  by  the  cluster  size. 13)  The  behaviour  of  quantum 

confined  systems  has  been  studied  in  semiconductor  quantum  wells,  wires, 
and  dots,  fabricated  by  molecular  beam  epitaxy  and  electron  beam 

lithography.  Studies  on  nanoclusters,  down  to  a  few  nanometers,  have 
been  done  mostly  with  II-VI  semiconductors. [4]  There  are  few  reports  on 
the  synthesis  of  lII-V  semiconductor  clusters.[5-8]  This  study  focuses  on 
the  synthesis,  and  the  structural  and  optical  properties  of  III-V 

semiconductor  clusters  in  the  1  nm  regime. 
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EXPERIMENT 


We  have  fabricated  GaP  and  GaAs  nanoclusters  using  the  organo- 
metallic  condensation  reaction: 

GaCl3  +  PtSi(CH3)3]3  —  n-GaP  +  CISi(CH3)3 

Synthesis  of  GaP:  GaCl3  was  dissolved  in  acetonitrile  (MeCN)  and 
P(SiMe3)3  was  added,  immediately  producing  a  yellow  solution.  The 
reaction  was  heated  to  reflux  for  16  hrs,  producing  an  orange  turbid 
solution.  The  solvent  was  removed  to  yield  an  orange  solid,  which  can  be 
redissolved  in  acetonitrile.  Synthesis  of  GaAs:  As(SiMe3)3  which  was 
prepared  via  a  published  method, [9]  was  suspended  in  MeCN  and  GaCl3 
was  added  resulting  in  the  immediate  formation  of  a  yellow-orange 
precipitate.  The  reaction  mixture  was  heated  to  reflux  and  filtered  to  give 
a  reddish  solid.  The  alternate  use  of  diethyl  either  as  solvent  yielded  a 
orange  solid.  Thermal  annealing  was  performed  under  dynamic  vacuum. 
Outgassing  was  observed  and  the  samples  darkened  in  colour 
proportionally  to  the  annealing  temperature.  X-ray  diffraction 
measurements  were  performed  with  a  Siemens  D  5000  diffractometer  with 
aCuKa  source  (1.54  A)  using  a  curved  germanium  monocromator  to  obtain 
an  instrument  resolution  of  0.03  deg,  combined  with  the  high  intensity 
necessary  for  small  powder  samples.  The  samples  were  contained  in  a 
sealed  cell  with  beryllium  window. 

RESULTS  AND  DISCUSSION 

We  have  used  X-ray  diffraction  to  determine  the  lattice  constant  and 
the  cluster  size.  IH-V  semiconductors  have  a  Zincblende  structure.  The 
strongest  diffraction  peaks  are  [111],  [220],  and  [311].  The  latter  two 
strongly  overlap  if  the  linewidth  exceeds  a  few  degrees.  Figure  1  shows  a 
X-ray  diffraction  spectrum  of  a  annealed  GaP  cluster  sample  with  the 
[111],  [220],  and  [311]  reflections  marked.  The  sharp  lines  are  caused  by 
the  beryllium  window  and  the  sapphire  plate  which  holds  the  powder  in 
place.  It  should  be  noted  that  there  are  no  diffraction  peaks  indicating 
other  crystalline  phases,  e.g.  of  oxides.  The  effect  of  annealing  the  clusters 
is  shown  in  figure  2,  comparing  as  grown  GaAs  clusters  with  an  annealed 
sample.  Note  the  strong  shift  in  the  peak  position.  The  as  grown  GaAs 
clusters  of  9  A  size  show  a  lattice  contraction  with  a  lattice  constant  6.7% 
smaller  than  the  bulk  one,  whereas  the  annealed,  larger  clusters  of  32  A 
size  have  the  bulk  lattice  constant,  similar  to  clusters  grown  by  molecular 
beam  epitaxy.]  10]  This  shows  the  effect  of  surface  tension.  The  cluster 
size  was  determined  by  a  Warren-Averbach  analysis  and  using  the 
Scherrer  formula.  No  correction  for  particle  shape  was  done.  As  shown  in 
table  1,  the  values  obtained  by  both  methods  agree.  As  synthesized 
material  and  samples  annealed  at  lower  temperatures  (350  C  or  below) 
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exhibit  a  Gaussian  lineshape,  a  sign  oC  a  narrow  size  distribution.  Samples 
annealed  at  higher  temperature,  such  as  the  GaAs  annealed  at  500  C  a 
more  Lorentz  type  lineshape. 


Figure  1:  X-ray  diffraction  spectrum  of  annealed  GaP  nanoclusters  with  a 
size  of  19.5  A. 


Figure  2:  X-ray  diffraction  spectra  of  as  synthesized  9  A  GaAs  nanoclusters 
(bottom)  and  32  A  GaAs  clusters  annealed  at  500C  (top). 
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a(A)  ^  %tu.sier ,  Scheirer  /  Warren-  Line 
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GaP  as  grown 

5.26 

-3.5^'- 

115  : 

- 

GauB 

annealed 

i35(rc.  20h) 

5.40 

-\‘7c 

19.5 

18.5 

GauB 

GaAs  as  arown 

5.275 

5.51 

-6.m 

-2.5‘7f 

9.0 

12.0 

10 

GauB 

annealed 

(500“C) 

5.68 

32 

30 

Pseudo- 

Voigt 

Table  I :  Lattice  constant  and  cluster  sizes  of  GaP  and  GaAs  nanocrystalliies 

In  order  to  obtain  a  verification  of  the  crystallinity  and  the  size  of 
the  clusters  we  performed  transmission  electron  microscopy.  Figure  3 
shows  a  cluster  of  annealed  GaP.  The  lattice  planes  can  be  clearly  seen. 


Figure  3:  TEM  image  of  a  GaP  nanocluster  with  a  larger  size. 
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Measuring  a  number  of  clusters,  we  obtain  a  typical  size  of  19  A.  a 
maximum  size  of  23  A  and  a  minimum  size  of  15  A,  confirming  the  narrow 
size  distribution  suggested  by  the  Gaussian  X-ray  lineshape.  The  clusters 
have  a  nearly  spherical  shape,  and  they  appear  to  be  only  weakly  faceted. 
A  thin  shell  covering  the  crystalline  cluster  can  be  seen  in  figure  3.  As  the 
clusters  were  prepared  by  a  chemical  reaction  in  a  solution,  the  residual 
reaction  products.  Cl  and  Si(CH3)3,  can  chemically  bond  to  the  surface, 
saturating  the  dangling  bonds  which  a  bare  surface  would  have.  This 
surface  layer  seems  to  prevent  the  oxidation  of  the  cluster-,.  This  effect  is 
similar  to  efforts  to  coat  11-VI  semiconductor  clusters. { 1 1  ] 

We  have  performed  optical  absorption  measurements  using  an  UV- 
visible  absorption  spectrometer.  The  as  grown  material,  GaP  and  GaAs, 
showed  an  absorption  edge  blue  shifted  with  respect  to  the  bulk,  but 
without  distinct  structure.  The  annealed  GaP  exhibits  a  distinct  line  in  the 
absoption  spectrum,  that  can  be  assigned  to  the  lowest  electronic  level 
caused  by  the  quantum  confinement  of  the  charge  cairiers:  see  figure  4. 


Figure  4;  Optical  absorption  spectrum  of  GaP  nanoclusters  (same  material 
as  in  figure  1).  The  GaP  bulk  .ab.sorption  edge  is.included  to  show  the  blue 
shift. 

This  spectrum  is  similar  to  absorption  spectra  reported  for  11-VI 
semiconductor  clusters.!  12]  We  measured  the  position  of  the  absorption 
line  as  2.80  eV,  resulting  in  a  blue  shift  of  0.53  eV  with  respect  to  the  bulk 
absorption  edge  at  2.27  eV.  As  the  cluster  size  is  smaller  than  the 
excitonic  Bohr  radius,  we  can  use  the  following  equation  for  3-  dimensional 
charge  carrier  confinement:[6,13] 


S3 


AE(eV) 


h{Jf)  h(eVs)  7C-  I  1^ 

2  R-(nm-)  ^  iHc  ^  rnv^ 

This  results  in  a  cluster  size  of  20.2  A,  in  good  agreement  with  the  X-ray 
diffraetion  and  the  TEM  results.  Note  that  the  blue  shift  is  a  sensitive 
function  of  the  cluster  size.  From  the  width  of  the  absorption  line  we  can 
estimate  a  cluster  size  distribution  from  17  A  to  23  A. 

CONCLUSION 

We  have  shown,  that  GaP  and  GaAs  nanoclusters  can  be  fabricated  by 
organometallic  synthesis  with  high  crystalline  quality  in  the  size  regime  c. 
loA  to  30A.  They  seem  to  be  coated  with  a  chemically  bonded  shell  of  the 
residual  reaction  products,  inhibiting  oxidation.  Calculating  the  particle 
size  from  the  measured  blue  shift  of  0.53  eV  using  the  function  for  3- 
dimensional  charge  carrier  confinement  gives  20.2  A,  consistent  with  the 
structural  measurements.  This  gives  clear  experimental  evidence  fttr  a 
quantum  confinement  of  carriers  in  these  GaP  nanoparticles. 
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ABSTRACT 

The  control  of  structure  on  the  nanoscale  relies  on  intermolecular  interactions  whose 
specificity  and  geometry  can  be  treated  on  a  predictive  basis.  DNA  fulfills  this  criterion,  and 
provides  an  extremely  convenient  construction  medium:  The  sticky-ended  association  of  DNA 
molecules  occurs  with  high  specificity,  and  it  results  in  the  formation  of  double  helical  DNA, 
whose  structure  is  well  known.  The  use  of  stable  branched  DNA  molecules  permits  one  to 
make  stick-figures.  We  have  used  this  strategy  to  construct  in  solution  a  covalently  closed 
DNA  molecule  whose  helix  axes  have  the  connectivity  of  a  cube.  The  molecule  has  twelve 
double  helical  edges;  every  edge  is  two  helical  turns  in  length,  resuldng  in  a  hexacatenane,  each 
of  whose  strands  corresponds  to  a  face  of  the  object.  We  have  developed  a  solid-support-based 
synthetic  methodology  that  is  more  effective  than  solution  synthesis.  The  key  features  of  the 
technique  are  control  over  the  formation  of  each  edge  of  the  object,  and  the  topological  closure 
of  each  intermediate.  The  isolation  of  individual  objects  on  the  surface  of  the  support  eliminates 
cross-reactions  between  growing  products.  The  solid-suppon-based  methodology  has  been 
used  to  construct  a  molecule  whose  helix  axes  have  the  connectivity  of  a  truncated  octahedron. 
This  figure  has  14  faces,  of  which  six  are  square  and  eight  are  hexagonal;  this  Archimedean 
polyhedron  contains  24  vertices  and  36  edges,  and  is  built  from  a  14-catenane  of  DNA. 
Knotted  molecules  appear  to  be  the  route  for  cloning  DNA  objects.  It  is  possible  to  construct 
three  knotted  topologies,  as  well  as  a  simple  cyclic  naolecule  from  a  single  precursor,  by  control 
of  solution  conditions.  Control  of  both  branching  and  braiding  topology  is  strong  in  this 
system,  but  control  of  3-D  structure  remains  elusive.  Our  key  aim  is  the  formation  of 
prespecified  2-D  and  3-D  periodic  structures  for  use  in  diffraction  experiments.  Another 
application  envisioned  is  scaffolding  for  the  assembly  of  molecular  electronic  devices. 

CONTROL  OF  STRUCTURE  ON  THE  NANOMETER  SCALE 

All  scientists  who  devise  new  formulations  of  matter  would  relish  structural  control  on 
the  molecular  scale  comparable  to  that  enjoyed  by  craft  workers  on  the  macroscopic  scale,'  The 
ability  to  join,  couple  or  weave  two  molecules  together  to  produce  a  structure  with  the  same 
certainty  enjoyed  by  a  carpenter,  a  plumber  or  a  garment  worker,  would  increase  greatly  the 
efficiency  of  materials  scientists,  chemists,  and  molecular  biologists.  These  ends  have  been 
sought  by  chemists  on  the  molecular  (Angstrom)  scale  for  years;  new  arrangements  of  atoms  on 
this  scale  sometimes  produce  new  chemical  properties,  due  to  subtle  features  of  the  charge 
density  distribution  in  the  product.  Chemists  have  learned  that  it  is  not  as  straightforward  to 
create  suuctures  from  molecules  as  it  is  from  macroscopic  objects:  They  must  rely  on  intrinsic 
propensities  of  precursor  molecules,  because  there  arc  no  nails,  screws,  or  threads  available  to 
form  bonds  between  atoms.  Furthermore,  the  laws  of  physics  do  not  nermit  all  conceivable 
arrangements  of  atomic  nuclei  to  produce  stable  compounds;  for  example,  carbon-carbon  bonds 
0.5  or  1.8  A  long  are  not  available  as  structural  components.  Nevertheless,  when  they  are 
successful,  chemists  generate  products  in  parallel  on  a  scale  that  is  almost  unimaginably  vast  in 
the  macroscopic  world:  Reactions  involving  a  gram  of  a  simple  compound  of  molecular  weight 
600  generate  roughly  lO^'  product  molecules. 

The  nanometer  scale  is  used  by  biological  systems  to  build  their  structural  components. 
The  globular  protein  components  of  the  microtubules  and  microfilaments  that  form  the 
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architectural  basis  of  the  cell  are  typically  a  few  nanometers  in  dimension.  The  nanometer  scale 
appears  to  be  the  smallest  macroscopic  scale,  in  that  there  are  no  evident  principles  that  prevent 
the  fatxkadon  of  any  structural  arrangements  not  forbidden  by  the  impenetralxlity  of  matter.  Of 
course,  care  must  be  taken  to  avoid  unfavoratrie  interactions,  such  as  the  juxtapositioii  of  like 
charges.  Likewise,  it  is  important  to  remember  that  tlw  large  number  of  molecules  involved  in 
nanoscale  systems  are  subject  to  the  laws  of  chemical  equilibria:  Target  structures  must  be 
sufficiently  favorable  that  byproducts  do  not  result^.  It  is  easier  to  fashion  new  structures 
derived  from  biological  components  on  ti-.e  nanometer  scale,  because  the  components  can 
associate  by  means  of  weak  interactions,  such  as  hydrogen  bonds  and  van  der  Waals  forces, 
rather  than  by  covalent  bonds.  On  this  scale,  it  is  unlikely  that  new  chemical  properties  will 
arise,  because  the  chemical  features  of  the  constituent  residues  are  already  fairly  well  fixed. 
However,  the  le-orientation  and  juxtaposition  of  well-defined  macromolecular  elements  can  lead 
to  new  functionality  on  this  sctde.  In  much  the  same  way  that  a  given  piece  of  metal  can  be 
fashioned  to  form  a  paperweight,  a  key,  a  spring,  or  a  chair  without  altering  its  internal 
structure,  new  functions  can  be  derived  frcun  new  ^apes  on  this  scale.  Indeed,  Medawar  has 
suggested  that  the  evolution  of  new  kinds  of  biochemit^  predates  the  divergence  of  plants  and 
animals^;  nevertheless,  the  reorganization  of  the  existing  biochemicals  has  led  to  the  diversity  of 
eukaryotic  life. 

Self-Assembly  is  a  Route  to  Nanometer  Scale  Construction 

It  is  most  natural  to  imagine  assembling  structures  piece  by  piece,  in  the  same  way  that  a 
house  or  an  automobile  is  built.  The  movement  of  atoms  by  scaiuiing  tunneling  microscopes 
(STM)  exemplifies  this  top-down  approach  to  nanotechnology;  the  constructions  of  a  corporate 
logo"*  and  an  atomic  switch*  by  these  techniques  are  dramatic  examples  of  this  methodology. 
These  top-down  methods  enjoy  the  advantage  of  lacking  undesirable  cross-reactivities  between 
the  large  numbers  of  components  found  in  a  chemical  reaction.  Nevertheless,  the  efficiency  of 
top-down  methodology  for  interfacing  with  the  nanometer  scale  is  inherently  low:  A  single 
STM  is  used  by  an  individual  investigator  to  construct  one  object 

The  structural  components  in  biological  systems  often  self-assemble  spontaneously.  In 
fact,  self-assembly  appears  to  be  the  most  effective  means  for  achieving  structural  goals  on  the 
nanometei  scale.  In  self-assembling  systems,  complementary  surfaces  form  cohesive 
structures.  Microtubules  and  microfilaments  are  examples  of  nano-scale  systems  that  self- 
assemble  to  grow  in  one-dimension,  and  the  capsid  proteins  of  simple  viruses  form  self- 
assembled  two-dimensional  (icosahedral)  surfaces.  Many  biological  macromolecules  can  be 
induced  to  self-assemble  into  three-dimensional  crystals,  although  these  ate  not  common  within 
the  cell.  Citmplemenu^  surfaces  are  the  key  common  elements  in  each  of  these  processes. 

We  have  exploitkl  the  self-assembly  properties  of  DNA.  The  complementary  nature  of 
DNA  structure  makes  it  ar  ideal  molecule  to  use  in  nanoscale  construction.  We  have  used 
branched  DNA  molecules  to  form  stick-poly hedra,  and  we  have  exploited  the  self- 
complementary  features  of  single-stranded  molecules  to  form  a  variety  of  knotted  molecules. 
We  will  show  below  that  by  means  of  a  solid-support-based  synthetic  methodology,  it  is 
possible  to  combine  self-assembly  with  molecular  isolation  on  the  nanometer  scale  to  achieve 
the  level  of  control  characteristic  of  the  top-down  approaches:  We  have  been  able  to  assemble 
DNA  molecules  whose  helix  axes  have  the  connectivity  of  a  truncated  octahedron. 

DNAMolecules  Self-Assemble 

For  the  past  decade,  we  have  used  the  self-assembly  of  DNA  molecules  as  a  convenient 
way  to  achieve  control  over  the  structure  of  matter  on  the  nanometer  scale.  DNA  is  the 
molecule  that  crffers  the  most  predictable  inrermolecular  associations  known.  The  double  helical 
molecule  invariably  forms  in  compliance  with  the  complementarity  rule  that  adenine  (A)  pairs 
with  thymine  (T)  and  that  guanine  (G)  pairs  with  cytosine  (C).  The  biotechnology  industry  is 
predicated  in  pan  on  the  reliability  of  this  type  of  association.  Other  forms  of  association  are 
possible  in  the  absence  of  complementary  partners,  but  complementarity  appears  to  prevail  if  it 
is  one  of  the  competitive  alternatives.  Under  conventional  conditions,  the  product  of  this 
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association  is  a  right-handed  double  helix  approximately  20  A  in  diameter  with  a  pitch  about  34 
A,  containing  about  10  nucleotide  pairs  per  turn.  Two  DNA  molecules  with  single-stranded 
overhangs,  called  'sticky  ends'  will  cohere,  and  can  be  linked  covalently  by  DNA  ligases^. 

DNA  Can  Be  a  Branched  Molecule 

The  apparent  drawback  to  engineering  DNA  molecules  for  structural  purposes  is  that 
naturally  occurring  DNA  is  a  linear  molecule,  in  the  sense  that  its  helix  axis  is  unbranched. 
Thus,  the  ligation  of  linear  DNA  corresponds  to  the  concatenation  of  line  segments  that  can 
produce  longer  lines,  circles  or  knots.  However,  DNA  need  not  always  be  linear.  It  is  possi^' 
to  design  synthetic  sequences  that  self-assemble  to  form  branched  molecules  called  'jum 
Junctions  are  designed  by  minimizing  the  sequence  symmetry  of  the  strands  and  maximizu  ^ 
Watson-Crick  ba^  pairing  of  the  target  complex,  so  that  the  branched  structure  will  actually 
form  under  convenient  solution  conditions'*^. 

Molecular  Associations  Between  Branched  Molecules  Can  Be  Directed  bv  Stickv  Ends 

The  sticky-ended  ligation  of  DNA  fragments^  is  the  fundamental  reaction  of  biotechnology. 
The  combination  of  branched  DNA  molecules  with  sticky  ends  provides  building  blocks  that 
can  be  assembled'^  into  multiply-connected  stick-figures  and  networks*®.  All  the  edges  of  these 
figures  consist  of  double  belief  DNA.  Thus,  one  can  imagine  designing  and  building  complex 
structures  from  branched  DNA  molecules.  The  concept  of  self-assembly  among  branched 
molecules  is  illustrated  in  Figure  1,  which  shows  a  4-arm  junction  with  sticky  ends  arranged  to 
form  a  quadrilateral. 


Figure  I.  Formation  of  a  Quojrilaural  from  a  Junction  with  Sticky  Ends.  A  is  a  sticky  end  and  A'  is 
its  complemenL  The  same  is  true  of  B  and  B'.  Four  of  the  monomers  on  the  left  are  complexed  in 
parailel  orientation  to  yield  the  stiuciure  on  die  right  DNA  iigase  can  close  the  gaps  left  in  die 
complex.  The  complex  has  open  valences;  it  could  be  extended  to  form  a  2-dimensional  lattice  by  the 
addidon  of  more  monomers. 

Connectedness 

A  key  concept  in  the  assembly  of  DNA  stick-figures  is  connectedness^^,  which  is  the 
number  of  edges  of  a  closed  object  or  a  lattice  that  meet  at  a  vertex;  the  number  of  arms  of  the 
junction  at  a  given  vertex  limits  the  maximum  connectedness  of  that  vertex.  Thus,  3-connected 
objects  and  lattices  can  be  built  with  3-arm  junctions,  and  4-conne.ned  structures  can  be  built 
with  4-arm  junctions.  Junctions  with  3-6  arms  have  been  constructed  and  characterized^-* 

It  is  important  to  recall,  however,  that  the  assembly  of  individual  objects  into  larger  constructs, 
such  as  clusters  and  periodic  arrays,  requires  junctions  containing  arms  that  can  be  used  for 
connections  between  objects.  For  example.  Figure  2  shows  two  periodic  arrays.  The  one  on 
the  right  is  a  6-connect^  array  corresponding  to  the  edges  of  space-filling  cubes,  which  are 
themselves  i-connected  objects.  The  array  on  the  left  is  the  S-connected  space-filling  array 
formed  by  4-connected  octahedra  at  the  comers  of  3-connectcd  truncated  cubes.  Each  of  these 
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lattices  is  shown  acting  as  a  host  for  a  guest  tnacroinolecule. 


Figure  2.  Five-Coniieeud  and  Six-Connected  Networks  Acting  as  Hosts  for  Macromolecular  Guests.  The 
simplest  conceptual  network,  the  6-confiected  cubic  lattice,  is  shown  on  the  right  side  of  this  drawing. 
Maaomolecuiarguest^fepresenied  as  shaded  kidiiey-shaped  objects,  have  been  added  to  four  unit  cells.  Noiethat 
if  the  guests  are  all  aligned  in  the  parallel  fashion  shown,  the  entire  material  will  be  a  crystalline,  and  it  will  be 
passible  to  determine  the  structure  of  the  guests  by  crystallography. 

MOLECULAR  ASSEMBLY  USING  BRANCHED  DNA  COMPONENTS 
Branched  Junctions  Are  Not  Rigid.  But  Specific  Stickv  Ends  Can  Produce  Target  Smictures 

In  practice,  junctions  are  flexible  over  the  1-100  hr  periods  used  for  ligation'L'3.  it  is 
reasonable  to  expect  the  short  double  helical  edges  of  each  object  to  be  torsionally  and  flexuially 
stiff,  because  the  persistence  length  of  DNA  has  been  estimated  to  be  between  450  A  and  2500 
However,  the  'valence  angles'  between  the  double  helical  edges  of  each  object  are  not 
fixed.  When  a  3-arm  or  4-aim  junction  is  oligomerized  to  yield  oligolaterals  with  two  helical 
turns  between  branch  points,  it  forms  a  series  of  cyclic  products:  trinncTS,  tetramers,  pentamers 
and  so  on' ' -13  Thus,  the  angles  flanking  a  DNA  branch  point  are  variable,  in  contrast  to  the 
local  geometry  near  a  covalently  bonded  atom.  Hence,  a  junction  is  more  closely  analogous  to 
an  octopus,  whose  flailing  arms  are  separated  by  a  variety  of  angles,  than  to  a  starfish,  whose 
arms  rarely  appear  to  deviate  substantially  from  pentagonal  symmetry. 

Although  their  flexibility  implies  that  oligomerization  of  individual  junctions  is  unlikely 
to  be  a  useful  way  to  generate  target  polygons,  unique  sticky-ends  can  be  used  to  direct  the 
assembly  of  particular  junctions  into  target  structures.  We  have  tested  this  approach  by 
assembling  a  specific  quadrilateral  from  four  branched  DNA  molecules'®.  The  sticky  ends  on 
each  junction  are  unique,  so  the  process  is  directed  synthesis,  rather  than  oligomerization. 

The  Constniction  of  a  Platonic  Solid,  a  DNA  Cube 

The  most  exciting  prospects  for  this  system  entail  the  assembly  of  multiply-connected 
objects  in  3-D.  We  have  exploited  the  flexibility  of  branched  DNA  to  construct  firom  3-arm 
junctions  a  molecule  whose  helix  axes  have  the  connectivity  of  a  cube*^.  A  schematic  of  the  3- 
dimensional,  3-connected  object  is  shown  in  Figure  3.  The  object  is  shown  as  a  cube,  but  the 
angles  between  the  edges  arc  nncharacterized.  It  contains  12  edges  that  consist  of  double  helical 
DNA.  Whereas  every  edge  contains  20  nucleotide  pairs  of  DNA,  we  expect  that  their  lengths 
will  be  about  68  A.  Each  of  the  edges  contains  a  unique  site  for  recognition  and  cleavage  by  a 
restriction  endonuclease,  thereby  enabling  us  to  establish  the  validity  of  the  synthesis. 
synthesis  of  the  cube-like  object  has  been  demonstrated  by  breaking  it  down  to  standard 
catenaries'^  whose  electrophoretic  properties  are  known. 

There  is  an  integral  number  of  turns  in  each  edge,  so  every  face  of  the  cube  corresponds 
to  a  single  cyclic  strand.  Therefore,  the  object  in  Figure  3  is  a  complex  catenane  of  6  single- 
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stranded  cyclic  molecules,  each  doubly  linked  to  its  four  nearest  neighbors.  The  catenated 
nature  of  the  strands  in  Figure  3  highlights  an  impwtant  point  about  double  helical  DNA:  The 
braiding  of  the  strands  about  the  helix  axis  is  aciidcal  structural  and  topological  property  of  any 
DNA  molecule.  For  exa^le,  the  strands  in  the  cube  can  be  separated  from  nicked  failure 
products  by  electrophoresis  under  denaturing  conditioos,  because  the  catenane  holds  together, 
but  nicked  molecules  separate  into  individual  strandsl'^.  The  twisting  of  DNA  strands  about 
each  other  implies  that  closed  structures  will  be  complex  catenanes,  and  materials  constructed 
from  this  medium  can  contain  polycatenated  mesh  substructures,  much  like  chain  mail. 


Figure  3.  A  DNA  Molecule  Whose  Helix  Axes  Ha*/e  the  Connectivity  of  a  Cube.  The  molecule 
consists  of  six  cyclic  strands  that  have  been  catenated  together  in  this  particular  arrangement.  They  are 
labeled  by  the  first  letters  of  their  positions,  Up.  Down,  Front,  Back.  Left  and  Right 

A  Solid-Suppon  Based  Synthetic  Methodology 

The  synthesis  of  the  cube  was  performed  in  solution.  This  led  to  numerous  problems, 
arising  from  the  combination  of  (i)  the  flexibility  of  the  branched  junctions,  (ii)  the  difficulty  of 
separating  products  from  catalysts,  reactants  aiid  byproduas,  and  (iii)  the  differences  between 
the  optimal  concentrations  for  intermolecular  Edition  reactions  and  for  intramolecular 
cyclization  reactions.  Control  of  DNA  ligation  in  solution  derives  solely  from  the  abili^  to 
phosphorylate  sticky  ends  in  a  selective  fa^ion.  This  is  insufficient  control  for  the  synthesis  of 
complex  objects,  so  we  have  developed  a  new  methodology  that  is  more  effectively. 

This  procedure  is  based  on  the  use  of  a  solid  support,  which  permits  convenient 
removal  of  reagents  and  catalysts  from  the  growing  product.  Each  ligation  cycle  adds  a 
comp^ent  that  creates  a  covalently-closed,  topologically-bonded  interm^iate.  This  feature 
permits  exonuclease  digesdon  of  incompletely  ligated  edges,  thereby  purifying  the  growing 
object  during  synthesis.  A  single  edge  of  an  object  can  be  formed  at  a  dme.  Control  derives 
from  the  restricdon  endonuclease  digesdon  of  hairpin  loops  that  form  each  side  of  the  new 
edge.  The  isolation  of  growing  objects  on  the  support  also  removes  the  problem  of  cross- 
teacdons  between  growing  product  molecules.  Sequences  are  chosen  to  destroy  restricdon  sites 
when  the  edge  forms.  In  principle,  the  component  added  to  the  growing  construct  can  be  a 
junction,  a  polygon,  a  group  of  polygons,  a  polyhedron,  or  an  array  of  polyhcdra. 

The  Constniction  of  an  Archimedean  SoUd.  a  Truncated  Octahedron 

In  order  to  analyze  the  solid-si>pport  methodology,  we  have  constructed  a  truncated 
octahedron  from  DNA^O.  This  Archimedean  solid  contains  six  squares  flanking  its  four-fold 
symmetry  axes,  and  eight  hexagons  that  surround  its  3-fold  symmetry  axes.  There  are  two 
turns  of  DNA  per  edge,  so  each  of  the  14  faces  corresponds  to  a  single  cyclic  strand.  Thus,  the 
final  olqect  is  a  complex  14-catenane.  The  truncated  octahedron  is  a  3-connected  figure,  but  the 
molecule  has  been  constructed  from  4-atm  junctions;  thus  each  vertex  is  associated  with  another 
arm  that  could  be  used  to  join  polyhedra,  although  this  has  not  been  done.  The  extra  arms  are 
all  hairpins  within  the  strands  that  correspond  to  die  square  faces.  The  entire  molecule  contains 
2530  nucleotides,  and  has  a  molecular  weight  ca.  790  kd. 


61 


In  this  constnicdon,  the  objects  added  to  the  support  are  squares  and  square  gixwpings, 
as  indicated  in  Figure  4.  llte  figure  contains  six  ^uaies  and  eight  hexagons.  The  object  has 
been  constructed  by  ^ing  two  inteimolecular  additions  to  a  square  attached  to  the  support  In 
the  first  action,  a  tetrasquare  complex  is  added,  and  in  the  second  addition,  the  final  square  is 
added.  The  structure  on  the  lower  left  of  Figure  4  is  a  heptacatenanehexasquare  complex.  The 
square  strands  ate  already  intact  in  this  construct,  and  the  hexagons  ate  ^1  formed  from  the 
outer  strand.  The  hexagons  result  from  successive  intratrwlecular  closures  of  the  sticky  ends 
associated  with  the  restriction  enzyme  site  pairs,  Sl-Sr...S7-S7'.  Whereas  the  molecules  are 


Figure  4.  The  Synthetic  Scheme  Used  to  Synthesise  the  Truncated  Octahedron.  The  boxed  diagram 
in  (he  upper  left  indicaies  the  numbering  of  individual  squares.  Each  square  in  the  rest  of  the  diagram  is 
shown  with  its  restriction  sites  indicated.  Symmetric  restriction  sites  are  named  'S',  indicated  in  pairs, 
with  one  member  pruned:  restriction  sites  cot  distally  arc  named  'D'.  Arms  that  will  eventually 
combine  to  form  crimes  are  drawn  on  the  outside  of  each  square,  and  exocyclic  aims  are  drawn  on  the 
inside  of  the  square.  A  leactioo  is  indicated  by  a  line  above  a  restriction  si'«e:  This  means  that  the 
restriction  enzyme  is  added,  protecting  hairpins  are  removed  and  then  the  two  sticky  ends  are  ligated 
together.  The  product  is  shown  in  two  forms.  On  the  left,  the  S1-S6  closures  are  shown  as  triple 
edges,  to  emphasize  their  origins;  the  two  strands  of  the  edge  formed  by  the  S7  closure  are  separated  to 
maintain  the  symmetry  of  the  picture.  On  the  right,  a  slightly  rotated  front  view  of  a  polyhedral 
representation  of  a  truiicaled  octahedron  is  shown  without  the  exocyclic  arms;  the  432  cubic  symmetry 
of  the  ideal  object  is  evident  from  this  view. 

isolated  from  each  other  on  the  support,  it  is  possible  to  expose  this  group  of  sticky  ends 
successively  by  using  symmetrically-cleaving  restriction  enzyme  pairs  that  recognize  six 
nucleotide  pairs  each.  Although  the  initial  sites  are  destroyed  after  ligation,  four-base  cutting 
sites  remain,  for  analytical  purposes.  The  final  step  in  the  synthesis  involves  releasing  the 
structure  from  the  supjxHl  and  annealing  it  shut  with  a  hairpin.  The  synthesis  is  demonstrated 
in  two  stages:  First,  by  showing  that  all  six  cyclic  strands  corresponding  to  the  square 
molecules  are  in  the  heptacatenane,  and  second,  by  digesting  the  final  product  to  the 
tetracatenanes  that  flank  each  square.  This  second  stage  of  proof  has  been  performed  for  five  of 
the  squares,  but  the  molecule  lacks  restriction  sites  for  square  #6. 

SINGLE-STRANDED  KNOTS:  THREADING  DNA 

An  intimate  relationship  exists  between  catenanes  and  knots^':  Removal  of  a  node  by 
switching  strands,  yet  maintaining  local  symmetry  and  strand  polarity  (sometimes  called 
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forming  a  zero  node),  converts  a  catenane  to  a  knot,  and  a  knot  to  a  catenane  (Figure  S).  This 
relationship  is  important  here,  because  it  appears  that  cloning  these  DNA  structures  will  be  most 
readily  achieved  by  getting  single-strand^  DNA  molecules  to  fold  up  into  complex  knots, 
whose  restriction  will  lead  to  the  desired  sack  figures^.  It  is  not  possible  to  clone  branched 
structures  directly,  because  a  single  round  of  replication  will  reduce  a  branch  to  linear  duplexes. 


Figure  5.  Iiutrconversiolu  of  Knots  and  Caunanes  by  Switching  Strands  at  a  Node.  The  suuclure  shown 
on  the  left  is  a  5i  knot  The  strand  direction  is  indicated  by  the  arrowheads  appearing  along  the  strand. 
When  the  two  strands  entering  the  tower  node  on  the  right  exchange  outgoing  partners,  the  node  disappears, 
and  a  'zero  node'  is  introduced^*.  This  converts  the  knot  to  a  catenane,  shown  in  the  middle:  the  two  linked 
cycles  ate  drawn  so  as  to  retain  their  shapes,  but  they  are  drawn  with  pens  of  different  thicknesses.  The  lower 
left  node  of  the  catenane  undergoes  a  strand  switch,  and  the  structure  is  convened  to  a  uefoil  knot,  illustrated 
on  the  right  The  trefoil  knot  is  one  strand,  so  it  is  drawn  with  one  pen. 

Nevertheless,  it  is  possible,  in  principle,  to  make  an  entire  structure  from  a  single  saand,  as 

illustrated  for  a  dodecahedron  in  Figure  6.  The  key  to  this  strategy  is  to  add  an  extra  external 


Figure  i,  A  Single-Stranded  Representation  of  a  Pentagonal  Dodecahedra  l.  A  pentagonal  dodecahedron  is 
illustrated  with  twelve  exocyclk  arms,  in  a  Schlegel  diagram.  This  is  a  2-D  representation  of  a  3-D  object  in 
which  the  central  polygon  is  closest  to  the  reader,  the  polygons  removed  from  the  cenur  are  distorted  and  further 
behind  in  the  page,  and  the  outer  polygon  is  at  the  tear  of  the  figure.  The  Schlegel  diagram  of  the  dodecahedron 
is  shown  in  die  thickest  lines.  Flanking  these  are  lines  that  represent  the  double  helical  DNA  corresponding  to 
each  edge  of  the  dodecahedron.  Each  of  the  twelve  pentagons  contains  an  exocyclic  double  helical  arm.  with  one 
strand  terminating  in  an  arrowhead,  indicating  die  S'->3'  polarity  of  the  suand.  In  addition,  each  of  the 
individual  faces  has  been  connected  to  a  neighboring  face  through  die  exocvciic  arms  and  very  thin  connecung 
strands,  so  that  the  entire  representation  is  a  single  long  strand.  The  strucuire  shown  would  u  be  cleaved  in 
order  to  fold.  Each  exocyclic  double  helical  segment  would  contain  a  restriedou  ote.  le  x  ver  it  from 
connecting  DNA  upon  formation  of  the  structure.  No  topological  representation  is  mark  uuc:  connecting  DNA 
lies  behind  the  polygonal  DNA  for  clarity. 

arm  for  every  strand;  for  molecules  whose  edges  only  contain  an  integral  number  of  helical 
turns,  this  corresponds  to  an  extra  arm  per  face.  The  externa!  arms  are  connected  to  form  the 
complex  knotted  structure  shown.  The  sequence  of  such  a  single-stranded  molecule  could  be 
cloned.  Whereas  one  needs  external  arms  on  a  polyhedral  structure  to  form  a  lattice,  the  target 
structure  will  have  restrictable  external  arms. 

We  have  :xploied  the  possibilities  for  threading  kix>ts  experimentally.  A  DNA  nnolecule 
can  be  synthesized  containing  the  sequence  X-T-Y-T-X*-T-Y'-T,  where  X  arid  Y 
correspond  to  one  helical  turn,  X'  and  Y'  are  their  Watson-Crick  complements,  respecuv  ly, 
and  T  is  dT„  linker.  When  cyclized,  the  strand  yields  a  trefoil  knot  with  negative  nodes  (3r;. 
because  the  nodes  fcmiied  by  ordinary  right-handed  B-DNA  correspond  to  negative  topologic^ 
nodes^^.  However,  there  is  a  left-handed  form  of  DNA,  Z-DNA^^,  that  is  formed  by  special 
sequences,  under  the  control  of  solution  conditions'^  o^e  can  choose  for  both  X  and  Y 
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sequences  capable  of  fwming  Z-DNA  umter  different  conditions.  Figure  7  shows  that  mild  Z- 
promoting  conditions  will  (voduce  an  amphichiral  figure-8  (4))  knot  (in  methylated  ONA), 
containing  two  positive  nodes  and  two  negative  nodes,  but  strong  Z-promoting  conditions 
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Figure  7.  The  Synthetic  Scheme  Used  to  Produce  Four  Target  Topologies.  The  lop  of  this  scheme 
indicates  the  molKule  from  which  the  target  products  are  produced.  The  four  pairing  regions,  X  and  its 
complement  X',  V  and  its  complement  i"  ate  indicaied  by  the  bulges  from  the  square.  The  3'  end  of  the 
molecule  is  denoted  by  the  arrowhead.  The  3'  end  is  between  helical  domains,  and  therefore  requires  a  linker 
complementary  to  the  3'  and  S'  ends  of  the  strand.  The  molecular  topolrgics  are  shown  at  the  bouom. 


will  produce  a  trefoil  knot  with  positive  nodes  The  circle  of  the  same  s^uence  can  be 

prepared  by  ligating  in  an  ionic  strength  too  low  to  support  knot  formation.  Altering  the 


Figure  8.  The  Relationship  Between  Nodes  and  Antiparallel  B-DNA  Illustrated  on  a  Trefoil  Knot. 

A  trefoil  knot  is  drawn  with  negative  nodes.  The  path  is  indicaied  by  the  arrows  and  the  very  thick 
curved  lines  connecting  them.  The  nodes  ae  formed  by  individual  arrows  drawn  at  right  angles  to  each 
other.  Each  pair  of  arrows  forming  a  node  defines  a  quadriialeral  (a  square  in  this  figure),  which  is 
drawn  in  dolled  lines.  DouUe-arrowheaded  helU  axes  are  shown  perpendiciilar  to  these  lines.  The 
twofold  axis  that  relates  the  two  strands  is  perpendicular  to  the  helix  axis;  its  ends  are  indicated  by 
lens-shaped  figures.  The  twofold  axis  intersects  the  helix  axis  and  lies  halfway  between  the  upper  and 
lower  strtmds.  The  DNA  shown  base  paired  at  each  node  corresponds  to  half  a  double  helical  turn. 

solution  conditions  after  a  knot  has  been  closed  creates  a  molecule  under  stress.  In  the  presence 
of  DNA  topoisotnerase  I,  which  lacks  an  energy  source,  the  molecule  will  conven  to  the 
K^logical  species  most  favored  by  solution  conditions^'^.  The  shortest  knots  of  a  given  motif 
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are  likely  to  contain  the  greatest  amount  of  stress.  We  have  ascertained  that  the  shortest  3r  and 
4i  two-domain  knots  rea^y  made  contain  about  80  nucleotides,  although  molecules  as  shon  as 
70  or  66  nucleotides  yield  traces  of  knotted  material^. 

There  is  a  general  relationship  between  the  trades  of  DNA  molecules  and  the  nodes  of 
single-stranded  DNA  knots:  A  half-nun  of  duplex  DNA  can  be  used  to  generate  a  node  in  a 
knot^>  Figure  8  illustrates  this  point  with  a  trefoil  knot  built  from  a  branched  junction.  The 
three  nodes  of  the  knot  shown  are  formed  by  perpendicular  lines,  whose  polarity  is  indicated  by 
arrowheads.  The  nodes  act  as  the  diagonals  of  a  square,  which  they  divide  into  four  regions, 
two  between  antiparallel  arrows  and  two  between  parallel  arrows.  The  transition  from  topology 
to  nucleic  acid  chemistry  can  be  made  by  drawing  base  pairs  between  strands  in  the  antiparallel 
regions.  The  axes  of  the  helices  are  drawn  perpendicular  to  the  base  pairs.  A  trefoil  knot  has 
been  constructed  recently  bom  a  the  tuanched  junction  tiKrtif^'. 

MOLECULAR  TARGETS  FOR  DNA  ASSEMBLY 
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A  key  use  envisioned  for  DNA  atraysl  is  to  function  as  macromolecular  zeolites, 
serving  as  hosts  for  globular  macromolecular  species,  as  an  aid  in  crystallographic  structure 
determination.  This  application  is  illustrated  in  Figure  2.  The  rate-determining  step  in 
macromolecular  crystallography  is  the  preparation  of  adequate  crystals.  The  ability  to  assemble 
periodic  arrays  of  cages  that  contain  ordered  guests  would  help  solve  that  problem.  Intracage 
orientation  might  be  accomplished  through  binding  the  guest  by  site-specific  fusion  domains. 
The  assembly  of  periodic  lattices  is  likely  to  be  difficult:  One  can  control  the  synthesis  of  an 
individual  object  by  minimizing  sticky-end  symmetry,  but  sytrunetiy  minimization  cannot  be 
used  to  build  a  crystal,  since  the  latuce  inherently  contains  translational  symmetry. 


The  medical  and  commercial  importance  of  DNA  has  resulted  in  convenient  technology 
for  the  synthesis^^  and  nradiflcation^^  of  DNA.  There  are  also  natural  mechanisms  by  which 
drugs,  particular  proteins,  or  other  DNA  strands  recognize  and  bind  to  specific  sites  on  DNA. 
These  methods  may  ultimately  be  used  to  anach  molecular  electronic  components  to  DNA 
ttwlecules^.  The  self-assembly  of  the  DNA  molecules  could  thereby  direct  the  assembly  of 
these  other  components.  We  have  suggested  that  a  crystalline  arra^  of  this  sort  could  act  as  a 
biochip,  in  which  the  DNA  plays  a  structural  role^.  The  scaffolded  threading  of  polymeric 
species  has  also  been  suggested^. 

CONCLUDING  COMMENTS 

Structure  and  topology  are  key  properties  in  DNA  molecules.  DNA  molecules  whose 
helix  axes  meet  at  branch  points  can  be  used  to  constrtict  multiply-connected  stick  figures.  The 
construction  of  a  truncated  octahedron  demonstrates  that  this  t^  of  topological  control  is  now 
well  in  hand.  Likewise,  achieving  the  level  of  control  necessary  to  generate  four  different 
knotted  (or  unknotted)  topologies  from  a  single  strand  of  DNA  indicates  that  braiding  topology 
is  also  under  reasonably  good  control  today.  The  next  stages  in  DNA  construction  are  periodic 
DNA  lattices  and  more  complex  knots:  The  former  will  enable  many  applications,  such  as 
diffiaction  studies  and  long-range  scaffolding,  and  the  latter  be  useful  in  cloning  structures  and 
in  testing  the  relationship  between  half-turns  of  DNA  and  nodes  in  knots.  The  greatest 
stumbling  block  for  the  construction  of  lattices  is  the  lack  of  rigid  junctions  with  fixed  'valence' 
angles.  It  is  possible  that  the  'bulged'  junctions  reported  recently  by  Leontis  and  his 
colleagues^S  will  be  of  use  in  this  context.  The  construction  of  ttrare  complex  knots  awaits 
technologies  that  can  be  applied  to  direct  characterization  of  their  topologies.  Develc^ments  in 
scanning  probe  microscopy^^  and  optics^^  may  lead  the  way  in  this  direction. 
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ABSTRACT 

Molecular  Self-assembly  of  amphiphilic  phospholipid  molecules  (containing  a  hydrophobic 
acyl  chain  and  a  hydrophilic  phosphate  group  attached  to  glycerol  backbone)  and  other  amphiphiles 
offers  a  versatile  approach  to  form  ordered  structures.  Stabilization  of  lipid  microstructures  by 
polymerization  renders  them  useful  for  practical  ^}plications  in  the  areas  ranging  from  controlled 
release  technology  to  template  mediated  synthesis  of  metals.  Our  efforts  are  focussed  on  the 
development  and  use  of  polymerizable  diacetylenic  phospholipids  and  their  microstructures  as 
template  for  chemical  synthesis.  The  surface  of  vesicles  and  lipid  microcylinders  (0.5  pm  dia.)  is 
made  reactive  by  chemically  modifying  the  hydrophilic  region  of  phospholipids.  Lipids  with 
chemically  reactive  sites  were  incorporated  into  lipid  membranes  predominantly  formed  from 
charge  neutral  lipids  and  used  for  binding  metal  ions  and  growing  fine  metal  particles. 


INTRODUCTION 

Multidisciplinary  approaches  may  often  provide  efficient  solutions  to  technologically 
important  problems  by  virtue  of  maintaining  a  balance  of  efforts  to  address  the  issues  involved. 
Synthesis  of  micron  and  sub-micron  particles,  composites,  and  ordered  growth  and  pattern 
formation  during  crystallization  are  the  examples  of  successful  implications  of  these  approaches  [  1  - 
3).  In  addition,  the  hierarchical  approach  (progression  in  increased  complexity)  similar  to  that 
observed  in  nature  is  getting  attention  in  the  fabrication  of  advanced  materials  (4)  .  By  combining 
these  two  strategies  -  multidisciplinary  and  hierarchical  -  it  is  possible  to  emulate  nature's 
architecture  by  designing  materials  that  are  optimized  for  their  ultimate  functions  on  every  scale, 
from  molecular  to  macroscopic. 

Phospholipids  are  amphiphilic  molecules,  which  means  that  each  molecule  contains  both 
hydrophobic  and  hydrophilic  segments.  Phospholipids  are  common  building  blocks  for  cell 
membranes  and  fulfill  a  number  of  vital  basic  cell  membrane  functions  [5],  Synthetic 
phospholipids,  particularly  phosphatidylcholines,  have  received  considerable  attention  because  of 
their  ability  to  produce  a  variety  of  morphologies  including  vesicles  -  spherical  structures 
consisting  of  an  aqueous  core  surrounded  by  single  or  multiple  bilayers  with  dimensions  on  the 
micron  to  sub-micron  scale.  Figure  1  shows  the  structures  formed  by  spontaneous  self¬ 
organization  of  phospholipids  in  the  presence  of  aqueous  medium.  The  amphiphilic  nature  of 
phospholipid  molecules  leads  them  to  orient  in  such  a  way  that  the  polar  headgroups  remain  in 
contact  with  surrounding  aqueous  medium  while  the  hydrocarbon  segments  are  segregated  from 
water.  Vesicles  have  b«n  the  subject  of  extensive  investigations  because  of  their  usefulness  as 
models  for  biological  membranes  and  in  the  development  of  applications  that  utilize  their  membrane 
properties  e.g.,  encapsulation  and  controlled  release,  functional  incorporation  of  proteins,  and 
signal  transduction.  However,  the  problem  of  long  term  st^ility  of  membrane  sUnctures  restricted 
their  utility  and  led  to  the  development  of  new  strategies  to  stabilize  membranes.  In  particular, 
polymerization  has  emerged  as  a  promising  strategy  for  stabilizing  bilayer  membranes. 
Polymerization  strategy  is  versatile  because  it  stabilizes  membranes  by  crosslinking  the  lipid 
monomers  only  after  they  have  attained  a  particular  morphology.  Other  methods  repotted  for 
membrane  stabilization  include  the  use  of  proteins,  sugars,  and  cholesterol  in  the  preparation  of 
lipid  membranes. 

In  this  article,  we  will  discuss  the  results  of  our  research  efforts  which  began  with 
stabilization  of  vesicles  by  polymerization.  Results  obtained  during  the  course  of  tl^se 
investigations  have  led  to  the  development  of  reactive  membranes  that  are,  a)  suitable  for  carrying 
out  reactions  at  the  membrane  interface  as  well  as  inside  of  the  closed  bilayer  structures,  and  b) 
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easy  to  modify  to  achieve  transport  of  ions. 


VESICLE 
20  -  60  nm 


FIGURE  - 1 


STABILIZATION  OF  VESICLES  FROM  POLYMERIZABLE  PHOSPHOLIPIDS: 

Use  of  polymerizable  phospholipids  in  stabilization  schemes  represents  a  pristine  strategy 
for  lipid  bilayer  stijilization  b^ause  the  scheme  doesn't  rely  on  the  addition  of  an  extra  component 
to  the  lipids.  The  polymerizable  phospholipids  in  monomer  form  exhibit  physical  properties  that 
are  similar  to  their  non-polymerizable  andogues.  The  added  capability  of  polymerizable  lipid 
monomers  is  their  ability  to  stabilize  membranes  by  crosslinking  with  their  next  neighbor  lipids  [6- 
9].  The  polymerizable  functionalities  have  been  incorporated  both  in  the  headgroup  region  and  to 
the  acyl  chains.  A  variety  of  polymerizable  groups  have  been  tried  to  achieve  membrane  stability 
[10],  Of  all  the  polymerizable  groups,  diacetylenic  group  has  been  the  most  studied  because  of  the 
thermochromic  behavior  of  polydiacetylenes  and  ability  of  diacetylenes  to  influence  membrane 
morphology  [11-12].  Figure  2  shows  the  chemical  structures  of  polymerizable  phospholipids  used 
in  our  vesicle  studies. 

Polymerized  vesicles  produced  by  incorporating  methacryloyloxy  monomer  in  the  acyl 
chain  of  a  phosphatidylcholine  (1)  and  irrathating  with  UV  showed  reduced  permeability  and 
enhanced  stability  against  chemical  and  physical  perturbations  that  included  mild  ultrasound 
agitation,  phospholipase  A2  catalyzed  hydrolysis,  and  freeze  drying  -  redispersion  cycle  [13,14]. 
Tbe  following  method  for  the  polymerized  -  vesicle  preparation  demonstrates  that  the  technique  is 
straightforward  and  the  polymerization  step  is  very  simple  to  follow. 
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Typically.  2  mg  of  polymenzed  phospholipid  (1)  was  dissolved  in  chloroform  and  coated  on 
the  walls  of  a  glass  tube  with  the  aid  of  a  stream  of  nitrogen.  Traces  of  solvent  were  removed 
under  vacuum  (S  hrs.),  and  the  lipid  was  hydrated  in  water  (2  mL)  which  was  warmed  up  in  a 
water  bath  (80  °C)  for  10  minutes.  Vortex  mixing  produced  multilamellar  vesicles  (vesicles 
with  many  bilayers)  which  were  converted  to  a  clear  solution  of  small  unilamellar  vesicles  by 
ultrasound  agitation  (30  °C)  for  one  hour.  The  dispersion  was  then  irradiated  with  ultraviolet 
light  (254  nm)  for  30  minutes  to  produce  polymerized  vesicles.  The  polymerization  was 
monitored  by  thin  layer  chromatography.  The  polymerized  lipid  stayed  at  the  origin  of  the 
TLC  plate.  The  vesicle  morphology  was  confirmed  by  transmission  electron  microscopy. 

Polymerized  lipid  membranes  were  originally  thought  to  be  attractive  candidates  for 
pharmaceutical  applications  e.g.,  inhibition  of  fungal  growth  [15,16].  On  the  other  hand,  a  large 
number  of  studies  are  reported  concerning  non-medical  related  studies  such  as,  protein 
reincorporation,  sensors,  interfacial  interactions  and  use  of  vesicles  as  reaction  cages  [17-21], 
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DIACETYLENIC  PHOSPHOLIPIDS  MEMBRANES: 

Phosphocholine  Membrane:  The  diacetylenic  moiety  was  incorporated  in  the  acyl  chains  of  a 
phospholipid  to  stabilize  the  vesicles  by  photo-polymerization  [7-9].  But,  the  diacetylenic  lipids 
turned  out  to  be  quite  unique  since  their  dispersions  from  2  produced  hollow  cylindrical  structures 
or  tubules  (Figure  3)  in  addition  to  the  vesicles  [12,22],  Lipid  tubules  formed  from  diacetylenic 
phosphocholines  have  a  fixed  internal  diameter  of  -^.5  [im.  The  length  of  the  tubules  is, 
however,  process  dependent.  Experimentally,  the  tubules  have  been  produced  by  two  separate 
routes;  the  liposomal  route  (thermally  grown)  and  the  solution  route  (solvent  grown)  using  an 
alcohoi/water  solvent  system.  Both  methods  have  advantages  and  limitations  but,  tubule  formation 
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from  eihanol/waler  is  easy,  straight  forward,  less  lime  consuming,  and  less  dependent  on  sample 
purity.  Two  techniques  to  fabricate  tubules  are  described  in  the  following  paragraphs.  The  simple 
operation  demonstrates  the  effectiveness  of  self-assembling  route  for  making  complex  structures. 

For  the  preparation  of  tubules  via  thermal  vesicular  route.  4  mg  poly-crystal!ine  2  was 
hydrated  in  2  mL  distilled  water  by  incubating  at  5(Xr  for  an  hour.  Lipid  was  dispersed  by 
occasional  vortex  mixing  during  incubation  period.  Small  unilamellar  vesicles  were  produced 
by  sonication  at  50C  using  a  sonifier  with  a  cup-hoin  attachment.  Sonication  was  continued 
until  dispersion  with  constant  turbidity  was  produced  (usually  45  minutes  to  one  hour).  The 
small  vesicles  then  cooled  down  to  room  temperature  and  then  maintained  at  4<'C  till  the 
dispersion  turned  into  thick  get.  The  gel  was  then  slowly  heated  to  above  the  phase  transition 
temperature  of  the  dispersion  (Tm  =  43.|oC)  followed  by  slow  cooling  (>  0.5  “C/min)  of  the 
dispersion  to  roum  temperature.  This  cooling  cycle  produces  uniformed  sized  tubules  in 
high  yield. 

The  second  procedure  for  the  preparation  of  tubule  is  the  solvent  method  The  diacetylenic 
hpid  was  dissolved  in  ethanol  containing  30%  water  (concentration  0.5*  1.0  mg/mL)  The 
turbid  solution  was  warmed  to  ensure  complete  dissolution  of  lipid  in  the  solvent  system.  The 
clear  solution  was  slowly  cooled  to  room  temperature.  An  increa.se  in  turbidity  indicates  the 
formation  of  lubules.  This  method  produces  high  yields  of  tubules  Once  the  tubules  are 
produced  they  are  stable  enough  to  withstand  the  dialysis  step  that  follows  lo  exchange 
alcohol  with  water. 


FIGURE  •  3 


A  large  number  of  studies  have  been  conducted  to  understand  the  mechanism  of  tubule 
formation.  Important  information  on  tubule  structures  was  collected  by  implementing  various 
techniques  including  X-ray  analysis  [23.24]  and  Raman  spectroscopy  [25]  Reported  mechanisms 
for  tubule  formation  dion't  fully  account  for  all  the  reported  tubule  properties  [4],  In  a  recent 
report,  however,  experimental  evidence  is  provided  that  the  tubules  are  the  result  of  chiral 
molecular  architecture  and  that  the  helices  are  the  common  precursor  for  the  tubules  prepared  by 
either  technique  (26). 

For  technological  applications,  it  is  necessary  that  the  tubules  should  retain  their 
morphological  integrity  during  physical  and  chemical  perturbaiion.  Diacetylenes  do  not  polymerize 
efficiently  in  organized  assemblies  [27],  Ultra  violet  irradiation  (254  nm)  of  the  tubules  (solvent  or 
thermally  grown)  cross-linked  the  diacetylenes  available  only  on  the  outer  surface  of  tubules  as 
evidenced  by  the  generation  of  deep  red  color  due  to  conjugated  polydiacetyienic  polymer 
backbone.  About  60  %  monomer  phospholipid  was  recovered  from  the  polymerized  tubules  by  a 
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^ill!p!c  methylene  chloride  extraction.  The  inefficient  polymeri/ation  of  the  tubules  forced  a  search 
for  alternate  methods  of  lubu'e  stabilization.  The  strategy  of  incorporation  of  a  second 
polymenzable  group  at  the  end  of  the  acyl  chains  was  implemented  successfully.  In  this  approach 
polymerization  was  initiated  after  the  lipid  was  transformed  into  tubules  [28].  Alternatively,  the 
stabilization  of  tubules  by  coating  its  surface  with  metals  through  electroless  metallization  proved  to 
be  the  best  option  (29).  This  method  utilized  the  ability  of  quaternary  amine  of  phosphocholine 
headgroup  to  bind  the  tin-palladium  cataly.st.  The  bound  catalyst  has  been  used  in  the  metallization 
of  tubules  with  a  variety  of  metals  including  copper,  nickel,  permalloy,  cobalt  etc.  Metallized 
tubules,  due  to  their  size  and  stability,  were  studied  in  the  interests  of  developing  a  variety  of 
technological  applications  [4], 

lileclioless  metallization  of  tubules  with  copper  was  accomplished  as  follows.  To  a  2  mL 
a(|ueous  dispersion  of  thermally  or  .solvent  grown  tubules  (from  4  mg  phospholipid)  an  equal 
volume  of  Pcl/Sn  colloid  (MacDennid  Co.,  Waterbury,  CT)  was  added  and  the  contents  were 
gently  mixed.  After  two  minutes,  the  solution  was  removed  after  gentle  centrifugation  that 
separated  the  tubules  from  the  medium.  The  brown  colored,  palladium  coated  tubules  were 
wasiied  several  times  with  water.  To  the.se  tubules  0.1  M  HCI  was  added  (pH  4.0)  to  oxidize 
ihe  tin  shell  and  expose  the  palladium  cataly.st.  The  oxidation  was  further  accelerated  by 
bubbling  oxygen  into  the  dispersion  Theu  .5  ml.  of  copper  bath  Metex  9027  (MacDermid, 
containing  cupric  chloride  and  a  reducing  agent)  was  added.  After  about  three  minutes 
evolution  of  gas  was  observed  and  Ihe  color  of  Ihe  dispersion  turned  from  brown  to  black. 
The  reaction  was  then  quenched  by  repeated  centrifugation,  removal  of  supernatant,  and 
resuspension  of  ihe  tubules  in  water.  The  metallized  tubules  are  mechanically  strong  and 
wiihstand  freeze  drying  step  with  retention  of  morphological  features. 


Hvdroxvalkantil  Membrane:  The  tubules  produced  from  diacetylenic  phosphocholines  have  two 
major  drawbacks  from  an  application  points  of  view.  One  drawback  was  the  fixed  diameter  of 
tubules  which  was  independent  of  both  the  acyl  chain  length  as  well  as  the  position  of  diacetylene 
in  the  chain  [4,10].  The  second  drawback  related  to  the  low  quality  of  metal  coating  due  to  the 
presence  of  tin  oxide  produce  during  metallization.  Also,  the  acceleration  step  involved  bubbling 
of  oxygen  at  pH  4.0  which  caused  the  tubules  to  break.  To  overcome  these  drawbacks  we 
explored  the  possibility  of  designing  and  synthesizing  alternate  materials  that  would  form  tubules. 
We  focussed  on  those  diacetylenic  lipids  that  could  lac  produced  by  adopting  simple  synthetic 
routes.  Phospholipase  D  mediated  transphosphatidylation  of  lipids  is  a  simple,  one  step  method 
that  ciui  replace  choline  (-CHi-CHi-N+Mc  i)  with  a  molecule  that  contains  primary  alcohol  group. 
For  convenience  we  replaced  the  choline  moiety  with  -(CH2)n-OH  (Figure-  4)  [30J.  The.se  lipids 
produced  the  tubules  in  the  presence  of  metal  ions  while  in  the  absence  of  metal  ion  no  tubule  was 
observed.  By  selecting  the  appropriate  hydroxyalkanol  group,  metal  ion,  pH  of  the  dispersion 
medium,  and  the  ionic  strength  of  the  buffers,  Markowitz  ct  al,  [31]  were  able  to  produce  tubules 
of  vaiying  diameter.  Tlie  strategy  of  making  tubules  using  bivalent  metal  ions  was  extended  to  the 
use  ol  palladium  ion  which  not  only  produced  the  tubule  structure  but  also  acted  as  catalyst  for 
electroless  metallization.  Following  this  strategy  eIectrolc.ss  metalliz.ation  of  cobalt,  nickel,  and  gold 
was  achieved  132,33)  (Figure-  5).  This  metallization  method  did  not  metallize  charge-neutral 
phosphtvholines  because  the  palladium  ion  did  not  bind  to  the  surface. 

Tuhule  Fiirmiiiion  The  lipid  tubules  were  prepared  by  thermal  cycling  of  the  lipid 
dispersion.  A  thin  film  of  the  lipid  3  was  hydrated  above  the  melting  transition  of  the  lipid 
t*il'’(’)  III  0  2  M  acetate  buffer  (pH  5.(>)  containing  a  small  volume  of  palladium-complex 
solution  The  final  concentration  of  lipid  in  the  dispersion  was  2  mg/ml.  and  that  of  the 
p.illadium  complex  was  I  iiiM  The  molar  ratio  of  lipid  to  metal  ion  was  2.6:1.  The  volume 
n(  paliadium  complex  solution  added  to  the  buffer  solution  was  less  than  2%  of  the  buffer 
soliiiio-;  The  mixture  was  sonicated  at  8IK'  for  10  min  and  then  allowed  to  gradually  cool 
to  room  temperature  The  dispersion  was  kept  at  4»C  for  3  hrs  and  then,  reheated  to  80'C 
and  kept  at  this  temperature  for  ''0  min  The  dispersion  wax  then  allowed  to  gradually  cool  to 
room  lemper.iliirc  (e  l"/min)  to  produce  lipid  tubules. 


o 


11 

CHo - CH CH,  — O  ~P  -O— (CH,  )^OH 

'  I  .  0" 

O-jjR  O-jjR 
O  0 

R=  — (CH2)8— CCCC — (CH2)9-CH3  (3) 

—  (CH2)ir^^  (4) 

FIGURE  4 


FIGURE-  --5 


Metailization:  The  tubule  dispersion  was  dialyzed  against  water  to  remove  the  buffer  salt  and 
excess  palladium  salt.  Cobalt  and  nickel  plating  baths  were  made  by  dissolving  10  g  of  the 
tetrasodium  salt  of  EDTA  and  9  g  of  NH4CI  in  150  mL  of  water.  To  this  mixture  6  g 
hexahydrate  of  NiCU  or  C0CI2  was  added.  The  pH  of  the  resulting  .solution  was  adjusted  to 
8.2  by  dropwise  addition  of  0.1  M  aq.  NaOH.  Four  grams  of  dimethylamino  borane 
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dissolved  in  50  inL  of  water  were  then  added.  The  dialyzed  tubule  disper.sion  wa.s  diluted 
with  five  times  ii.s  volume  of  water  and  then  an  equal  volume  of  the  metal  plating  solution  was 
added.  The  plating  was  allowed  to  continue  until  hydrogen  evolution  stopped  (about  2 
hours)  and  metallized  microstructures  settled  at  the  bottom  of  the  bath  The  metallized 
microstructures  were  then  washed  three  times  with  water.  For  long  term  storage,  the  tubules 
were  washed  twice  with  acetone  and  were  kept  stored  under  acetone. 

Mixed  Phospholipid  membranes:  Since  the  metallization  protocol  described  in  the  preceding 
section  doesn't  work  on  charge-neutral  lipids,  we  utilized  this  property  for  metallization  of 
selective  sites  on  lipid  surfaces.  Vesicles  were  formed  from  a  mixture  of  charged  and  zwitterionic 
phospholipids  2  and  3.  Palladium  ion  was  then  added.  The  palladium  ion  was  able  to  bind  to  the 
negatively  charged  phospholipid  but  not  to  the  charge-neutral  phospholipid.  Addition  of  a  gold 
meial  plating  bath  for  electroless  plating  resulted  in  tte  selective  metallization  of  the  vesicle  (figure- 
6)  [1,33,34].  Electron  diffraction  analysis  demonstrated  that  fine  gold  polycrystalline  particles 
were  deposited  on  the  vesicle  surface.  It  has  been  observed  that  the  best  results  are  achieved  only 
if  both  the  negatively  charged  and  charge-neutral  phospholipids  were  polymerized  in  the 
membrane.  With  vesicles  formed  from  mixtures  of  polymerizable  phospholipid  2  and  non- 
polymerizable  lipid  4,  the  vesicles  were  not  stable  to  tin:  metallization  procedure.  In  addition  to 
phospholipid  polymerizability,  the  headgroup  structure  of  the  phospholipid  was  an  important  factor 
in  the  metallization  of  the  vesicle.  Phospholipids  with  a  sterically  unhindered  headgroup  such  as 
phosphatidic  acid  caused  uncontrolled  metallization  while  vesicle  membranes  containing  relatively 
more  sterically  hindered  phosphohydroxyethanol  headgroup  were  metallized  at  a  manageable  rate. 

A  simple  alteration  of  this  system  has  provided  the  means  to  synthesize  metal  particles  exclusively 
on  the  outer  or  inner  side  of  the  vesicles  [35]  The  vesicles  were  formed  in  the  presence  of 
palladium  tons.  As  a  result,  both  the  inner  and  outer  vesicle  membranes  contain  bound  palladium 
ion.  After  removing  the  palladium  ions  on  the  exterior  membrane  by  the  addition  of  the 
tetrasodium  salt  of  EDTA,  the  gold  plating  bath  was  added.  Because  of  the  polymer  boundaries  in 
the  polymerized  vesicles,  the  meti  cations  were  able  to  diffuse  across  the  bilayer  membrane 
thereby  providing  the  capability  to  carry  out  the  synthesis  of  metal  nanoparticles  within  the 
vesicles.  Using  this  strategy,  we  produced  unagglomerated  gold  nanoparticles  within  the  vesicle.s 
(figure  7)  (36). 


FIGURE  -6 
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SUMMARY 

The  results  presented  in  this  article  clearly  demonstrate  the  technological  potential  of  polymerized 
membranes  New  applications  evolved  while  exploring  the  properties  of  polymerizable  lipids.  It 
is  worth  noting  that  the  membrane  approach  was  originally  adopted  to  design  and  construct 
vesicles  for  controlled  release  studies.  It  has  finally  led  to  the  capability  to  perform  chemisuy  in  a 
constrained  environment  and  to  study  nucleation  and  growth  of  nanoparticles  at  membrane 
interface. 
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ABSTRACT 

In  order  to  investigate  the  influence  of  substrate  functionalization  on  the  subsequent  self- 
assembly  of  multilayer  films,  multilayers  composed  of  alternating  hafnium  and  1,10- 
decanediylbis(phosphonic)  acid  (D8PA)  have  been  grown  on  three  different  substrates. 
Substrates  studied  Include  gold  wafers  functionalized  with  4-mercaptobutylphosphonic  acid, 
silicon  wafers  functionalized  using  a  hafnium  oxychloride  solution,  and  silicon  wafers  coated  with 
an  octadecylphosphonate  LB-template  layer.  The  nature  of  these  films  is  probed  using 
ellipsometry  and  grazing  angle  x-ray  diffraction.  These  studies  indicate  that  the  overall  order  and 
the  individual  layer  thickness  can  vary  substantially  from  sample  to  sample  and  depend  strongly 
on  the  initial  surface  functionalization  prior  to  multilayer  growth. 


INTRODUCTION 

The  research  effort  in  the  preparation  and  characterization  of  self-assembled  multilayer  films 
has  increased  rapidly  in  recent  years. '■*  Interest  in  these  materials  arises  in  part  from  the  variety 
of  physical  properties  which  could  be  incorporated  by  rational  design  and  synthesis  of  such 
microstructures.  By  assembling  a  material  one  molecular  (or  atomic)  layer  at  a  time,  layers  with 
conducting,  magnetic,  luminescent  or  nonlinear  optical  properties  can  be  assembled  with  control 
of  order  and  spacing  between  layers.  The  advantage  of  multilayer  film  synthesis  via  self- 
assembly  compared  to  other  methods  lies  in  the  relatively  easy,  straight-forward  preparation 
methods  and  the  mechanical  and  thermal  stability  of  the  films  due  to  strong  ionic  and/or  covalent 
bonds  between  the  layers. 

We  are  currently  investigating  hafnium  1,10-decanediylbis(phosphonate)  (Hf-DBP)  multilayer 
films,  which  are  structurally  analogous  to  the  prototype  zirconium-DBP  self-assembled  films  first 
reported  by  Mallouk  and  coworkers.'®  These  films  can  be  prepared  by  alternate  adsorption  of 
hafnium  (or  zirconium)  ions  and  bisphosphonic  acid  molecules  from  aqueous  solutions  onto  a 
substrate  bearing  an  appropriate  reactive  functionality. 

The  main  objective  of  this  investigation  was  to  study  the  influence  of  the  substrate  and  the 
initial  surface  functionalization  on  the  overall  quality,  reproducibility  and  structural  characteristics 
(e.g.  thickness  and  density)  of  the  multilayer  films.  We  therefore  used  two  different  substrates, 
commercial  silicon  wafers  and  very  smooth  vapor  deposited  gold  substrates.  The  silicon  wafers 
were  primed  with  two  different  "anchor"  layers,  a  hafnium  layer  and  a  preassembled  octadecyl¬ 
phosphonate  Langmuir-Blodgett  (LB)  template  layer  capped  with  zirconium.””  The  hafnium 
functionalization  reactioi>  (using  aqueous  HfOCl,  solution)  is  not  fully  understood,  although  we 
presume  it  involves  adsorption  of  a  very  thin  hydrous  hafnium  oxide  layer  (2-8  A  by  ellipsometry) 
onto  the  native  silicon  oxide  surface  of  the  wafer.'  This  functionalization  is  analogous  to  that 
reported  by  Mallouk  et  al.'®  using  zirconium  oxychloride  solution  to  functionalize  fumed  silica 
(Cab-o-Sil)  for  growth  of  2r-DBP  multilayers.  In  this  case,  the  authors  report  that  multilayers 
grown  on  the  zirconium-functionalized  Cab-o-Sil  appear  to  be  better  ordered  and  more  crystalline 
than  Cab-o-Sil  functionalized  with  a  silanol  phosphonate.  In  accord  with  their  result  we  have  also 
found  that  multilayer  films  are  of  better  quality  if  prepared  using  hafnium-  or  zirconium- 
functionalized  silicon. 

The  organic  LB-template”°on  silicon  consists  of  a  zirconium-capped  octadecylphosphonate 

77 

Mat.  Raa.  Soc.  Symp.  Proc.  Vol.  351.  <^1994  Materials  Rascarch  Society 


LB-ldyer  transferred  onto  a  silicon  wafer  rendered  tiydropfiobic  by  self-assembly  of  a  monolayer 
of  octadecyltrichlorosilane.  This  LB-template  provides  a  surface  layer  of  zirconium  with  very  low 
roughness,  high  order  and  consistent  density.^'°  The  gold  surface  was  functionalized  with  4- 
mercaptobutylphosphonic  acid,  an  etnchor  which  is  reported  to  give  well  ordered  primer  layers 
with  a  high  surface  density  of  phosphonate  moieties  ‘ 

Multilayer  films  prepared  on  these  substrates  were  characterized  by  ellipsometry  and  grazing- 
angle  x-ray  diffraction.  Ellipsometry  has  been  used  widely  for  the  determination  of  layer 
thicknesses  of  thin  films,'' and  also  of  self- assembled  metal-bisphosphonate  films.”  '* 
However,  a  main  disadvantage  of  this  technique  lies  in  the  fact  that  the  correctness  of  the 
calculated  film  thickness  relies  on  the  proper  choice  of  the  refractive  index  for  both  the  substrate 
and  the  film.  Unless  the  substrate  is  very  reproducible  (as  is  the  case  for  silicon  wafers),  the 
refractive  index  of  the  substrate  has  to  be  calculated  for  every  particular  sample  from  the 
ellipsometry  parameters  A  and  4*  of  the  bare  substrate.'*  The  main  problem,  however,  lies  in  the 
choice  of  the  refractive  index  of  the  multilayer  film.  Generally,  the  refractive  index  of  the  film  is 
riot  known,  and  is  usually  estimated  to  be  the  same  as  for  the  bulk  compound.  Using  the  bulk 
value  for  the  index  in  the  calculation  of  film  thicknesses  implies  exactly  the  same  properties 
(structure,  density  etc.)  of  film  and  bulk  compound,  which  may  not  be  the  case.  In  addition,  slight 
variations  in  the  film  density  from  sample  to  sample,  as  may  result  from  variations  in  the 
substrate  or  the  surface  functionalization,  can  only  be  reliably  detected  if  the  exact  refractive 
index  of  each  particular  film  is  known. 

The  use  of  grazing  angle  x-ray  diffraction  is  still  rather  uncommon  in  thin  film  investigations, 
although  this  method  allows  the  direct  measurement  of  multilayer  film  thicknesses  and  does  not 
require  any  assumptions  about  the  properties  of  the  sample.’'  This  technique  is  exploited  in 
these  studies  to  accurately  assess  film  thicknesses  as  a  function  of  multilayer  growth,  and  to 
compare  multilayers  grown  on  the  substrates  described  above.  We  compare  ellipsometry 
measurements  with  grazing  angle  x-ray  diffraction  in  order  to  assess  the  refractive  indices  of  our 
films. 


EXPERIMENTAL 

Uaterials :  Hafnium  oxychloride  octahydrate  was  used  as  obtained  from  Teledyne  Wah  Chang  Albany 
1 . 1 0-Decanediyibisphosphonic  acid  (DBPA)  was  prepared  by  the  Michaelis-Arbuzov  reaction  using  1,10- 
dibromodecane  and  tnethyl  phosphite  *  4-Mercaptobutylphosphonic  acid  was  provided  by  Prof.  Thomas 
E  Mallouk  (Pennsylvania  Stale  University).*  In  all  experiments  deionized  water  purified  to  a  resistivity  of 
18  M£2-cm  with  a  Barnstead  Nanopure  II  was  used. 

Substrates  arxt  surface  lunctiortalizalion  :  Single  crystal  silicon  wafers  of  76  mm  in  diameter  with 
polished  too  faces  were  obtained  from  Silicon  Quest  Prior  to  hafnium  functionalization  the  wafers  were 
rinsed  for  10  min.  with  trichloroethylene,  10  min  with  2-pfopanol  and  15  min.  with  ullrapure  water.  The 
wafers  were  then  immersed  in  a  5  mmolar  aqueous  solution  of  HfOCI^aid  heated  to  50°C  for  I'/z  -  4  days. 
The  preassembled  LB  template  was  provided  by  Professor  Daniel  R.  Talham  and  Houston  Byrd  (University 
of  Florida).*  '*  It  was  prepared  by  transferring  an  octadecylphosponic  acid  monolayer  via  the  LB-technique 
onto  a  with  octadecyltrichlorosilane  functionalized  silicon  substrate.  An  additional  monolayer  of  Zr**  was 
then  added  by  self-assembly.  The  wafers  as  obtained  were  rinsed  with  ultrapure  water  prior  to  multilayer 
deposition.  Flame-annealed  gold  substrates,  prepared  by  thermal  evaporation  of  ca.  2000  A  of  gold  onto 
glass  substrates  precoated  with  ca  20  A  chromium,  were  provided  by  Dr.  Peter  Zeppenfeld 
(Kernforschungszentrum  JQIich,  FRG).  The  gold  substrates  were  rinsed  with  methanol  and  ultrapure  water, 
then  immersed  in  a  1  mmolar  solution  (80%  water.  20%  methartol)  of  4-mercaptobotylphosphonic  acid  tor 
72  hrs  at  room  temperature. 

UuHayer  depoaUon  ;Hf-DBP  multilayers  were  grown  on  the  functionalized  substrates  by  alternate 
immersion  of  the  wafers  in  a  5  mmolar  aqueous  solution  of  HfOCI,  for  4-6  hrs.  and  in  a  1.5  mmolar 
aqueous  solution  of  DBPA  for  6-12  hrs.  A  15  mm  rinse  with  ultrapure  water  was  performed  after  each 
immersion  step.  The  dipping  sequence  was  started  with  the  HfOCI;  solution  in  the  case  of  the  gold  samples 
and  with  the  DBPA  solution  in  case  of  the  other  samples,  in  accordance  with  the  respective  surface 
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functional  group  of  tne  substrate. 

Insbvmentalionanii  maasumntnta :  Ellipsometric  measurements  were  done  with  a  Rudolf  Research 
Thin  Film  Ellipsometer  43603-200E  using  a  tungsten  halogen  light  source,  a  632  nm  filter  light  source  and 
an  incident  angle  of  70  degrees.  Film  thicknesses  were  calculated  from  the  measured  A  and  S'  values  with 
a  program  from  Rudolf  Research  using  n  «  3.858  -  0.018  i  as  the  refractive  index  for  Si  and  n  -  1 .462  for 
SiO,.  The  refractive  indices  of  the  gold  substrates  were  calculated  for  each  particular  sample  from  the  A 
and  S'  values  measu'.'d  for  the  bare  substrate,  using  standard  equations. '* 

Low  angle  x-ray  diffraction  was  done  on  a  Scintag  XDS-2000  e-e  powder  diffractometer  using  Cu  Ka 
radiation  The  diffraction  experiment  measures  the  interference  of  x-rays  reflected  from  the  air-film  interface 
and  the  film  -substrate  interface  The  resulting  diffraction  pattern  shows  several  'beats*,  each  corresponding 
to  a  different  order  of  interference  The  position  of  the  beats  is  given  to  a  first  approximation  by  the 
Bragg  equation  n^x.  -  2d'Sine  (d  -  total  film  thickness).  In  order  to  take  into  account  index  of  refraction 
effects  however,  the  layer  thickness  is  not  calculated  directly  from  the  absolute  peak  positions  Instead, 
the  position  sin^e  of  each  beat  maximum  is  plotted  versus  n^,  the  square  of  the  corresponding  order  After 
a  linear  regression  fit  to  the  data,  the  layer  thickness  is  obtained  from  the  slope,  which  corresponds  to 


RESULTS 


The  Hf-DBP  multilayer  growth  on  gold  surfaces  was  monitored  by  ellipsometry 
measurements.  Fig.  1  shows  a  plot  of  film  thickness  versus  number  of  layers  for  a  gold  sample 
derived  from  ellipsometry  data.  The  film  thickness  was  calculated  using  various  values  for  the  film 
refractive  index  in  the  range  1 .45  5  np s  1 .60.  No  matter  which  v2ilue  is  chosen,  the  data  show 
a  constant  Increase  in  layer  thickness  after  each  additional  layer  added,  as  can  be  seen  by  the 
straight  lines  in  Fig.  1 .  However,  the  slopes  of  the  lines,  corresponding  to  the  average  thickness 
per  layer,  depend  strongly  on  the  value  of  the  refractive  index.  An  average  layer  thickness  as 
high  as  23.3  A  results  when  using  nf,„=1 .45  as  refractive  index,  whereas  a  layer  thickness  of 
18.1  A  is  obtained  when  using  nj ,„=1 .60.  This  example  shows  clearly  the  need  of  an  independent 
method  to  determine  layer  thicknesses.  Unfortunately,  to  date  no  grazing  angle  x-ray  diffraction 
has  been  detected  from  the  multilayer  films  grown  on  gold.  This  is  probably  due  to  the  high 
critical  angle  for  total  reflectance  of  gold  (20j>l°).  The  multilayer  film  diffraction,  which  is  usually 
seen  in  the  region  0.5°  <65  2.0°  is  most  likely  masked  by  the  high  intensity  of  the  total 
reflectance  x-ray  beam.  Therefore  no  independent  information  could  be  obtained  about  the  exact 
layer  spacing  of  the  multilayer  or  about  the  proper  value  for  the  refractive  index. 


Figure  1.  Film  thickness  versus  "S- 

number  of  Hf-DBP  layers  deposited 
onto  functionalized  gold  determined  w 

by  ellipsometry  using  various  film  c 

refractive  indices  (1.45,  1.50,  1.55,  o 

1.60).  The  solid  lines  are  a  linear  zz 

regression  fit  to  the  data;  the  slope 
of  the  straight  lines  is  given  in  the 
left  comer. 


Number  of  Layers 
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For  the  Hf-DBP  multilayers  grown  on  silicon  surfaces  (e.g.  on  Hf-  and  LB-template-covered 
samples)  data  from  both  diffraction  and  ellipsometry  experiments  were  obtained.  Figs.  2  and  3 
show  the  total  film  thickness  as  derived  from  both  methods  plotted  versus  the  number  of  Hf-DBP 
layers.  A  constant  increase  in  layer  thickness  with  every  additional  layer  added  can  clearly  be 
seen  in  all  plots  indicating  the  regular  multilayer  growth  on  these  substrates. 

The  average  layer  spacing  of  the  multilayer  films  is  given  by  the  slopes  oi  the  straight  lines 
shown  in  Fig.  2  and  3.  The  spacings  obtained  by  x-ray  diffraction,  which  are  not  dependent  on 
any  assumption  about  the  film  properties,  are  16.8  A/layer  for  the  film  grown  on  the  LB-Template 
and  18.1  A/layer  for  the  film  grown  on  the  Hf-functionalized  silicon  (Hf-Si)  wafer. 


Figure  2.  Film  thickness  versus 
number  of  Hf-DBP  layers  deposited 
onto  Hf-functionalized  silicon  deter¬ 
mined  by  ellipsometry  (solid  squares) 
and  greizing  angle  x-ray  diffraction 
(open  squares).  The  ellipsometry 
data  is  fit  using  a  film  refractive 
index  Of,,,  =  1 .49. 

The  solid  lines  are  a  linear 
regression  fi*  to  the  data;  the  fit 
parameters  are  given  in  the  left 
comer. 
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Figure  3.  Film  thickness  versus 
number  of  Hf-DBP  layers  deposited 
on  LB-template  covered  silicon 
deter  mined  by  ellipsometry  (solid 
squares)  and  grazing  angle  x-ray 
diffraction  (open  squares).  The 
ellipsometry  data  is  fit  for  a  film 
refractive  index  nf„„  =  1.57. 

The  solid  lines  are  a  linear 
regression  fit  to  the  data;  the  fit 
parameters  are  given  in  the  left 
corner 
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The  layer  spav  ng  calculated  from  the  ellipsometry  data  depends  strongly  on  the  value  for  the 
refractive  index  as  shown  above.  We  therefore  fitted  the  refractive  index  to  give  layer  thicknesses 
which  closely  match  the  layer  thickness  determined  by  grazing  angle  x-ray  diffraction.  In  fitting 
the  ellipsometry  data,  a  close  match  in  the  slopes  of  the  x-ray  data  in  the  plots  of  Figs.  2  and  3 
(corresponding  to  the  average  layer  thickness)  was  attempted  rather  than  a  close  match  to  the 
absolute  values  for  the  'ayer  thickness.  This  procedure  was  chosen  because  the  uncertainty  in 
the  determination  of  absolute  layer  thicknesses  is  considered  much  higher  for  both  elliprsometry 
and  diffraction  measurements  than  is  the  uncertainty  associated  with  the  determination  of  the 
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average  thickness  increase  per  layer.  A  close  match  was  found  for  a  refractive  index  of  1 .57  for 
the  multilayer  grown  on  the  LB-template  and  1.49  for  the  layer  grown  on  the  Hf-Si. 

An  average  layer  spacing  of  about  16.8  A/layer  and  a  refractive  index  of  about  1.57  for 
multilayers  grown  on  the  LB-template  could  be  confirmed  by  layer  experiments  on  a  second  LB- 
template  substrate.  These  values  are  also  close  to  the  preliminary  values  we  determined  for  the 
bulk  Hf-DBP  compound  which  are  16.7  A/layer  and  nf„=1.545,  respectively.  However,  multilayers 
grown  on  Hf-functionaliaed  wafers  show  a  substantial  variation  in  layer  spacing  from  sample  to 
sample.  Most  layer  spacings  range  between  18  A/layer  and  20  A/layer,  although  spacings  as  low 
as  15  A/layer  and  as  high  as  21  A/layer  have  also  been  observed.  However,  for  all  films  grown 
on  Hf-anchored  silicon  a  good  match  between  ellipsometry  and  diffraction  data  is  always  obtained 
using  a  comparatively  low  refractive  index  within  the  narrow  range  1 .48  <  np„  <  1 .50, 
independent  of  the  average  layer  spacing  of  the  particular  sample. 


DISCUSSION 

All  layer  experiments,  done  on  various  substrates  and  anchor  layers,  show  consistent 
incremental  layer  growth  ol  Hf-DBP  multilayers.  Thus,  the  different  substrates  investigated  here 
all  provide  suitable  surfaces  for  uniform  multilayer  growth.  The  average  layer  spacing,  however. 
Is  found  to  be  strongly  dependent  on  the  initial  surface  functionalization.  Compared  to  the  layer 
spacing  of  about  16.7  A  for  bulk  Hf-DBP,  layer  spacings  of  the  multilayers  grown  on  the  hafnium- 
functionalized  silicon  are  generally  larger  (18-20  A).  From  other  studies,  the  density  of 
multilayers  grown  on  Hf-Si  is  estimated  to  be  approximately  75%  that  of  the  bulk  Hf-DBP.’*  This 
observation  is  consistent  with  the  observation  reported  here  that  the  refractive  index  of 
multilayers  grown  on  Hf-Si  is  consistently  lower  than  that  of  the  bulk  (==1.49  of  the  film 
compared  to  1.545  of  the  bulk  Hf-DBP). 

The  large  variation  in  layer  spacing  obsen/ed  for  multilayers  grown  on  Hf-anchored  silicon  is 
most  likely  due  to  variation  in  the  hafnium  functionalization  of  the  substrates.  In  order  to 
understand  and  optimize  the  functionalization  reaction  we  have  investigated  a  variety  of  reaction 
conditions  and  have  characterized  functionalized  wafers  by  ellipsometry  and  AFM  microscopy. 
These  investigations  show  that  the  thickness  and  roughness  of  the  Hf-anchor  layer  increases 
substantially  with  increasing  reaction  temperature  (>50°C)  and  reaction  time,  possibly  due  to 
precipitation  of  colloidal  hydrous  hafnium  oxide  similar  to  that  observed  for  zirconium  oxychloride 
solutions.”  Although  we  did  not  observe  any  formation  of  precipitate  in  our  HfOCI,-solutions,  we 
assume  that  the  Hf-anchor  layer  consists  of  a  rather  undefined  layer  of  hydrous  hafnium  oxide. 
Ellipsometry  measurements  indicate  that  this  layer  is  generally  2-8  A  thick.  Properties  such  as 
roughness,  thickness  and  density  of  this  anchor  layer  are  likely  to  vary  considerably  from  sample 
to  sample,  and  may  account  for  the  observed  variation  in  layer  thicknesses  of  the  multilayer  films. 

Although  no  exact  layer  spacing  could  be  determined  for  the  multilayers  grown  on  gold,  the 
value  for  the  refractive  index  is  most  likely  in  the  range  1.50  <  n^^  <  1.57.  which  would  yield  an 
average  layer  thickness  of  19-21  A,  which  is  significantly  larger  than  the  bulk  layer  spacing,  and 
comparable  to  that  ot  the  multilayers  grown  on  Hf-Si  substrates. 

A  possible  explanation  for  layer  thicknesses  larger  than  the  bulk  layer  spacing  could  lie  in 
the  tilt  angle  of  the  phosphonate  alkyl  chains,  which  may  differ  between  the  multilayer  films  and 
the  bulk  material.  In  bulk  Zr-DBP,  which  should  be  similar  to  bulk  Hf-DBP,  this  tilt  angle  is  about 
3l°with  respect  to  the  surface  normal.’*  In  this  case  the  phosphonate  carbon  bond  is  oriented 
nearly  perpendicular  to  the  plane  of  metal  ions.  A  much  smaller  tilt  angle  for  the  multilayer  film 
would  result  in  a  larger  layer  spacing  and  could  (at  least  in  part)  explain  the  high  layer  spacings 
observed  here.  A  smaller  lilt  angle  would  require  the  bisphosphonate  alkyl  chain  to  orient  nearly 
perpendicular  to  the  plane  of  Hf  ions,  which  in  turn  would  preclude  binding  of  all  three  oxygens 
of  a  phosphonate  group  to  the  plane  of  hafnium  ions.  Alternative  phosphonate-metal  binding 
involving  only  two  of  the  phosphonate  oxygens  has  been  proposed  by  Talham  and  coworkers  and 
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is  reported  for  some  bulk  metal  phosphonate  materials  ’  Assuming  perpendicular  orientation  of 
the  alkyl  bisphosphonate  moiety  would  suggest  an  individual  layer  thickness  of  =19  A.  This  layer 
thickness  is  closer  to  the  larger  veilues  obtained  f  jr  Hf-functionalized  silicon  and  gold  substrates. 

A  smaller  alkyl  chain  tilt  angle  in  the  film  compared  to  the  bulk  could  simply  be  due  to  the 
(stepwise)  preparation  method.  It  is  also  possible,  however,  that  the  density  of  binding  sites  on 
the  initial  surface  determines  (at  least  in  part)  the  tilt  angle.  By  this  argument,  one  would  predict 
that  a  high  density  of  initial  binding  sites  might  produce  a  denser  packing  of  the  alkyl  chains,  thus 
forcing  the  alkyl  chains  to  orient  more  perpendicular  to  the  surface.  One  would  further  predict 
on  this  basis  that  the  films  grown  on  the  LB  templates  should  have  the  largest  average  layer 
thickness,  since  the  LB-template  presents  a  close-packed  array  of  zirconated  phosphonates  at 
the  surface,  and  should  therefore  have  the  highest  surface  binding  site  density.  This,  however, 
is  contrary  to  our  observations,  since  the  average  layer  spacing  for  the  multilayers  grown  on  the 
LB-template  is  smaller  than  for  those  grown  on  the  other  substrates,  and  is  nearly  identical  to  that 
of  bulk  Hf-DBP  (16.8  vs  16.7  A,  respectively).  From  these  observations,  we  conclude  that  larger 
layer  thicknesses  do  not  necessarily  correlate  with  denser  packing  of  bisphosphonate  alkyl 
chains.  Larger  layer  thicknesses  are  more  likely  to  correlate  with  increased  roughness  of  the 
surface  functionalization  and/or  increased  disorder  in  the  alkyl  chains. 
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ABSTRACT 

Single-phase  nanocomposites  containing  montmonllonite,  MoS,,  MoO,  or  lis  vsiili 
|X)ly(ethylene  oxide)  are  obtained  by  the  exfoliation  of  the  layered  solid,  adsorption  of  polvmer. 
and  subsequent  precipitation  of  solid  product.  Aqueous  solutions  can  be  employed  for  ail 
syntheses  except  PEO/TiS,,  which  is  prepared  from  lithiated  TiS,  in  an  N-methyl  forniaiiiitle 
(NMF)  solution.  X-ray  diffraction  indicates  that  the  resulting  solids  increase  in  basal  plane 
repeat  by  approximately  4  or  8  A,  consistent  with  the  incorporation  of  a  single  or  double  laser 
of  polymer  between  the  inorganic  layers.  Reaction  stoichiomeines  and  elemental  analy.sc' 
provide  compositions  for  the  single-phase  products. 


METHODS  FOR  GENERATING  POLYMER-CONTAINING  NANOCOMPOSI  I  ES 

The  incorporation  of  poly(ethylene  glycols)  or  polv(ethylene  oxide)  by  smectite  clays  ii,is  been 
known  for  several  decades.'  More  recently,  novel  materials  derived  from  polyelhers  .iiid  cither 
low -dimensional  solids,  including  oxide,*'  chaIcogenide,“*  and  MPS, lattices  have  also  been 
described.  In  each  case,  a  significant  increase  in  the  interlayer  spacing  is  observed,  indicaung 
that  oligomers  or  polymers  are  incorporated  within  the  galleries.  Interest  in  the  incorporalion 
of  polymers  within  inorganic  hosts  stems  from  the  potential  mechanical,  structural,  and  elecirical 
properties  of  organic/ inorganic  nanocomposites. This  work  will  describe  nanocompositcs 
derived  from  PEO  with  a  variety  of  layered  structures,  as  summanzed  in  Table  1, 


Totxitactic  Methods 

I-ayered  ternary  chalcogenides  of  the  transition  metals,  A.MChj  (A  =  alkali  metal;  M  =  l  i, 
Nb,  Ta;  Ch  =  S,  Se,  Te)  spontaneously  incorporate  water  or  polar  organic  molecules  to  form 
stable  compounds  with  solvated  cations.  Exchange  reactions  can  also  be  utilized  to  expand  the 
chemistry  of  these  materials.  An  example  is  the  incorporation  of  the  oligoether  polylcthvlcne 
glycol)  by  exchange  of  water  in  the  hydrated  lithium  salt: 

A.(H,0)yMS,  -f  z  PEG  -  A,(PEG).MSj  -E  y  H,0  (2) 

A  topotactic  mechanism  for  the  above  reaction,  in  which  the  intersheet  galleries  expand  or 
contract  but  the  solid  retains  its  two-dimensional  character  should  usually  be  ineffective  lor  the 
introduction  of  high-molecular-weight  polymers  due  to  the  slow  diffusion  of  macromoleciiles  into 
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the  galleries.  It  should  be  noted,  however,  that  recent  work  utilizing  elevated  temperatures 
shows  some  promise  for  this  method  of  obtaining  nanocomposites.’ 


Table  I.  Layered  nanocomposites  containing  PEC 


PEO 

NanocomposUe 

Host 

Basal  Soacing  (A) 
Nanocomposite 

Expansion 

PEO/Na-montmonllonite 

9.6 

17.7* 

8.1 

13.7 

4.1 

Li,  ,(PEO),  .MoS;" 

6.5 

14.5 

8.0 

M„,(PEO)„JiS, 

6.0 

14.2 

8.2 

Li„  ,(PEO)o,MoO, 

8.1 

16.0 

7.9 

12.7 

4.6 

LqfPEOlyMoSe, 

7.3 

15.2 

7.9 

■Boldface  indicates  excess  polymer  employed  in  synthesis. 
'’Stoichiometry  of  PEO  indicates  moles  of  monomer  repeat  (CjHjO) 


An  alternate  route  to  polymer-containing  nanocomposues  involves  the  t>i  fiiu  pol>  mcri/ation 
of  monomeric  intercalants.  and  the  preparation  of  materials  such  as  poly(styrene)  .Mo.S  .  ' 
polyianiline)  /  V;Os,'^  and  poly(aniline)  /  MoO,'*  have  been  reported.  As  a  variant  of  this 
method,  Nazar  and  coworkers'’  have  reported  the  incorporation  of  a  water-soluble  precursor  into 
MoO,  by  the  exfoliation  /  adsoiption  method,  followed  by  the  in  siiu  thermal  polymeri/iiiion. 


Exfoliation  /  Adsorption  Method 

Single-sheet  colloids  can  be  obtained  by  chemical  oxidation  of  the  lithiated  metal  disulfides.'’ 
Morrison  and  co- workers"  '*  have  demonstrated  that  a  colloidal  suspension  of  single-sheet  MoS 
can  incorporate  molecular  organics,  organometallic  complexes,  or  other  complex  cations  w  hen 
the  single-sheets  are  restacked.  The  general  method  is  simple:  layered  compounds  are  reduced, 
rapidly  re-oxidized  by  hydrolysis  to  form  a  stable  colloid,  and  then  interacted  with  a  soiuhle 
polymer  and  the  solid  product  precipitated  from  the  solution. 


PEO  /  Na-montmorillonite  Nanocomposites 

Polymer  composites  with  smectite  clays  are  produced  by  the  exfoliation  /  adsorption  method, 
although  no  special  techniques  are  required  to  prepare  the  colloid  (which  is  directly  obtained  by 
the  dissolution  of  the  clay). 

The  variation  of  polymer  /  clay  stoichiometry  shows  that  polymer/montmorillonite  ratios  of 
0.15  and  0.30  g/g  provide  single-phase  products  with  sharp  diffraction  peaks  and  several  higher- 
order  (OOf)  reflections.  Peak  widths  indicate  ordered  domains  of  150  A  (approximately  10 
layers)  along  the  stacking  direction  for  these  products.  Least-squares  fits  to  these  data  yield 
lattice  spacings  of  13.73(4)  A  and  17.65(4)  A.  At  stoichiometries  richer  in  polymer  than  0.30 
g/g  an  admixture  of  the  17.7  A  phase  and  crystalline  PEO  is  obtained. 
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The  polymer  conformation  in  these  nanocomposites  raises  significant  fundamental  issues  and 
will  also  govern  important  physical  properties.  Two  models  which  may  be  considered  are  a 
helical  conformation  similar  to  that  observed  in  crystalline  PEO,  or  an  adsorbed  polymer  layer 
on  the  clay  surfaces.  The  formation  of  a  13.6  A  phase  involves  a  gallery  expansion  of  4.0  A, 
which  sterically  limits  the  polymer  conformation  to  approximate  a  single  adsorbed  layer  between 
the  clay  surfaces.  The  17.7  A  phase  displays  twice  the  gallery  expansion  and  also  twice  the 
polymer  content  of  13.6  A  phase,  and  therefore  is  consistent  with  the  incorporation  of  two  such 
polymer  layers.  TTiis  architecture  can  be  derived  from  the  coalescence  of  colloidal  clay  sheets 
with  adsorbed  polymer  layers  on  both  surfaces.  The  similarity  of  complexes  prepared  from  PECl 
and  an  amorphous  copolymer  PEM,  (OCHj(OCHjCH2),J„,  is  also  significant  in  that  the  helical 
conformation  is  disrupted  in  PEM. 

The  4  A  and  8  A  gallery  expansions  are  also  similar  with  those  obtained  when  oligomeric 
(PEG)  or  small-molecule  ethers  such  as  ethylene  glycol  are  incorporated  into  montmoiillonite. 
This  coincidence  is  reasonable  if  each  of  these  species  adopts  an  adsorbed-layer  conformation 
within  the  galleries. 

Nanocomposites  prepared  with  stoichiometries  between  0.15  and  0.30  g/g  do  not  produce  a 
sharp  (001)  peak,  but  show  highly  asymmetric  peak  profiles.  When  physical  mixtures  of  the 
single-layer  (0. 15  g/g)  and  double-layer  (0.30  g/g)  phase  are  ground  together  at  ambient 
temperature,  two  sharp  peaks  corresponding  to  the  discreet  phases  are  obtained,  but  a  broad 
diffraction  profile  of  intermediate  repeat  spacing  appears  upon  annealing  this  mixture  at  100  ‘C' 
for  two  days.  These  patterns  therefore  appear  to  correspond  to  homogenous  nanoconiposites  oi 
intermediate  composition  (0.15  -  0.30  g/g)  which  are  a  solid  solution  of  the  single  and  double¬ 
layer  phases. 


Li.PEOjMoS; 

The  powder  diffraction  data  from  the  nancomposites  prepared  via  exfoliation  /  adsorption  in 
aqueous  media  using  excess  PEO  indicate  single-phase  products.  Basal-repeat  spacings  obtained 
increase  slightly  with  higher  polymer  content,  and  range  from  14.2  to  14.6  A.  Peak  widths 
indicate  stacking  coherence  lengths  in  the  range  of  approximately  200  -  400  A  (20  -  25  unit 
repeats).  At  low  polymer  stoichiometries,  a  broad  peak  associated  with  reslacked  MoS.  appears. 

The  distance  between  Mo  planes  in  these  nanocomposites  is  8.0  -  8.3  A  greater  than  in 
LiMoSi.  This  expansion,  similar  to  that  obtained  by  insertion  of  polyfethylene  glycol)  or  PEO 
into  MSj  or  montmorillonite,  suggests  that  a  polymer  bilayer  is  incorporated  into  the  intershcct 
region. 

The  polymer  conformation  within  the  galleries  cannot  be  determined  directly  from  diffraction 
studies,  and  a  helical  polymer  conformation,  as  in  crystalline  PEO.  cannot  be  excluded  by  steric 
arguments.  Since  the  favorable  energy  of  polymer  adsorption  will  decrease  dramatically  once 
monolayer  coverage  of  the  sheet  surfaces  is  complete,  a  bilayer  within  the  galleries  (resulting 
from  monolayer  coverage  of  each  sheet  face)  is  reasonable.  Elemental  analyses  for  C,  H,  and 
Li  for  reactions  indicate  that  the  polymer  stoichiometry  for  single-phase  products  can  vary 
between  1 .0  and  1.3  moles  of  monomer  repeat  to  MoS,.  The  polymer  /  MoS;  ratio  found  in  the 
product  depends  on  the  mixing  stoichiometries  utilized  in  the  nanocomposite  syntheses.  The 
change  in  polymer  content  found  for  these  products  indicates  a  higher  packing  density  of 
polymer  within  the  disulfide  galleries.  This  explanation  is  consistent  with  the  reproducible 
change  in  relative  peak  intensities  and  slight  increase  in  c-repeat  distance  with  polymer  content. 
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The  overall  stoichiometry  was  found  to  be  close  to  Li^  ,2(PEO),MoS,  for  all  three  samples, 
which  reflects  a  negative  charge  on  M0S3  sheets  similar  to  that  present  in  the  hydrated  lithium 
salts.  The  lithium  stoichiometry  (x  »  0.1)  is  consistently  similar  to  that  obtained  for  hydrates 
prepared  under  similar  conditions.  Electrical  measurements  indicate  a  semimetallic  conductivity 
and  thermal  response,  which  are  again  consistent  with  negatively-charged  MoS^  layers. 

Thermal  and  Chromatographic  Analyses 

A  Simultaneous  DTA  /  TQ  A  scan  of  the  nanocomposite  is  provided  in  Figure  1 .  The  absence 
of  a  melting  endotherm  at  60  °C  indicates  that  no  crystalline  PEO  phase  occurs  in  the  product. 
An  exotherm  near  310  °C  arises  from  degradation  of  the  polymer  and  the  asjOcialed  weight  loss 
of  27  %,  due  to  volatilization  of  the  decomposition  products,  closely  corresponds  to  the  polymer 
content  within  the  nanocomposite.  X-ray  diffraction  of  the  nanocomposite  after  heating  to  4.50 
•C  Shows  only  a  restacked  M0S2  phase. 

An  additional  exotherm  between  125  and  255  “C  is  not  associated  with  any  significant  sample 
weight  loss.  In  order  to  further  explore  this  transition,  ambient-temperature  X-ray  diffraction 
pattern  of  a  single  pellet  of  the  nanocomposite  following  heating  at  200  °C  in  an  Ar  atmosphere 
for  3  -  6  hrs  show  an  indicate  an  irreversible  loss  of  sample  order.  After  six  hours,  the  material 
appears  entirely  disordered  by  X-ray  diffraction.  Subsequent  heating  of  the  pellet  above  400  ”(■ 
under  inert  conditions  for  several  hours  to  remove  the  polymer  component  regenerates  crystalline 
M0S2.  The  disordered  phase  must  therefore  contain  MoS,  sheets  without  a  coherent  stacking 
arrangement.  The  driving  energy  for  this  process  may  be  provided  by  the  ihermally-aciivaied 
rearrangement  of  adsorbed  polymer.  The  potentially  high  electroactive  area  for  the  disordered 
phase  make  it  an  attractive  candidate  for  electrochemical  applications. 

GPC  data  on  polymer  extracted  from  the  nanocomposites  indicates  that  the  polymeric 
component  of  these  materials  is  not  degraded  into  low-molecular-weight  fragments,  although  the 
results  of  crosslinking  and  scission  are  evident.  The  extracted  polymer  from  Li„  i2f’EO|  yMo.S, 
contains  significant  molecular  weight  components  centered  at  450,000  and  20,000  Da.  After 
heat  treatment  to  form  the  unstacked  nanocomposite,  the  extracted  polymer  has  a  single  peak 
centered  at  45,000  Da.  In  these  samples,  only  10  -  50%  of  the  total  polymer  component  can 
be  extracted  into  an  organic  solution  for  analysis. 


M.PEO,TiSj 

The  exfoliation  /  adsorption  process  can  probably  be  extended  to  other  layered  disulfides 
(TaSi,  WS2,  and  NbS2)  or  dichalcogenides.  For  example,  we  have  recently  obtained  results  with 
MoSe2  indicating  single-phase  nanocomposites  are  readily  prepared  by  methods  described  above. 

Some  target  compounds,  however,  are  not  amenable  to  processing  in  aqueous  solution.  A 
notable  example  is  TiS2-containing  nanocomposites;  TiSj  is  susceptible  to  hydrolysis  under 
acidic  conditions,  and  forms  a  stable  hydrate  in  aqueous  base.  The  charge-storage  properties 
of  TiSj,  generally  as  the  anode  in  a  solid-stale  Li  ceil,  naturally  leads  to  interest  in  the 
preparation  and  characterization  of  a  single-phase  polymer/TiS2  nanocomposite. 

A  recent  communication  notes  that  the  addition  of  a  solution  of  PEO  with  sodium  perchlorate 
in  acetonitrile  to  an  aqueous  colloid  of  TiS,  will  produce  a  nanocomposite  (7).  Our  results 
indicate  that  the  PEO/TiS2  nanocomposite  can  be  obtained  from  aqueous  media,  but  a  single- 
phase  product  is  not  readily  obtained. 
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Fivjure  2 

/ 
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Exfoliation  in  N-Methyl  Formamide  (NMF^ 


The  exfoliation  of  TiS;  and  other  disulfides  in  NMF  has  been  known  for  some  time.  Two 
phases  can  be  obtained  by  the  interaction  of  MTiSj  with  NMF;  M,(NMF)yTiS2  (M  =  Li,  Na), 
with  c-repeat  «  13.7  A,  and  (RNH,),(NMF),TiS2,  containing  CHjNHjCHO*  (RNH2*)  cations, 
with  c  *  19.5  A.  The  relative  abundance  of  the  metal  and  RNH2*  -  containing  products  is  pH 
dependent,  with  the  latter  predominating  when  the  reacton  is  carried  o-  •  rt  '  -  die  conditions. 
Similarly,  the  insertion  of  NMF  has  been  reported  for  other  lithium  v  ansition  metal 

disulfides.  Optimal  conditions  for  the  synthesis  of  PEO  /  TiS,  are  f  ,  a  bas'c  NMF 
solution  using  excess  PEO  (which  can  be  washed  away  from  the  desired  pn  ,>).  In  this  way, 
single-phase  products  are  reproducibly  prepared.  A  representative  diffraction  patten  is  provided 
m  Figure  2. 


The  products  ootained  in  this  manner  do  not  contain  a  large  component  of  the  molecular 
solvent  within  the  galleries.  Elemental  analysis  allow  for  a  maximum  ratio  of  NMF  m  mnnomer 
repeat  near  0. 1  mol/mol.  Unlike  the  NMF-intercalated  products,  these  nanocomposites  uo  not 
lose  a  significant  fraction  of  weight  during  DSC  scans  through  the  boiling  point  of  NMF  185 


C.i. 


I'hc  powder  diffraction  data  for  the  single-phase  products  obtained  provide  a  basal-plane 
repeal  of  14.2  A.  Peak  widths  for  the  (OOt)  set  provide  a  stacking  coherence  length  of  300  A 
(approximately  20  repeat  units).  The  absence  of  a  diffraction  peak  at  d  =  5.7  A  indicates  that 
the  product  is  devoid  of  unreacted  TiS2,  and  the  absence  of  a  melting  exotherm  at  60  °C  in  the 
DSC  trace  shows  that  no  crystalline  PEO  phase  occurs  in  the  nanocomposite. 

The  distance  between  Ti  planes  in  the  nanocomposite  is  8.0  -  8.2  A  greater  than  in  LiTiSj. 
This  expansion  suggests  that  a  polymer  bilayer  has  been  incorporated  into  the  intersheet  region. 
Elemental  analyses  indicate  a  product  stoichiometry  of  Lio(nNaci25(PEO)o79TiS2-0.09NMF;  the 
notation  (PEO)„  refers  to  n  moles  of  the  monomer  repeat  unit  (CHjCHjO).  The  overall  cationic 
content  is  consistent  with  other  similar  compounds  which  retain  the  composition  A,(solv),TiS. 
(x  =  0.3),  and  reOerts  the  partial  re-oxidation  of  the  TiS2‘  sheets  through  interaction  with 
.solvents.  The  polymer  content  is  somewhat  less  than  that  obtained  with  PEO  /  MoSj 
nanocomposites. 


Thermal  and  Electrical  Measurements 

Thermal  analysis  of  the  nanocomposite  reveals  a  broad  endotherm  between  90  and  140  °C. 
This  endotherm  is  also  observed  with  unreacted  TiSj.  A  sharper  endotherm  is  observed  at  180 
°C  and  could  be  associated  with  the  minor  NMF  component  in  the  product.  Both  TiSj  and  the 
nanocomposite  are  unstable  to  loss  of  sulfur  above  220  °C. 

Electrical  measurements  on  pellets  pressed  from  powders  indicate  a  semimetallic  conductivity 
and  thermal  response;  the  conductivity  of  the  nanocomposite  somewhat  less  than  the  pure  TiSj. 
The  bulk  conductivity  for  the  partially  reduced  sheets,  TiSj”’ ,  is  expected  to  increase 
significantly  relative  to  TiS,;  however,  the  reduced  crystalline  order  in  the  nanocomposites  and 
the  incorporation  of  a  large  fraction  of  electronically-insulating  polymer  between  the  sheets 
should  decrease  the  conductivities  of  these  pellets. 
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Li.PEO^oOj 


Li.MoO,  rapidly  exfoliates  during  sonication  in  aqueous  solution,  and  the  nanocomposite  wiili 
PEO  is  easily  obtained.  The  extent  of  lithiation  in  the  Li.MoO,  employed  (i.e.  x  in  Li.MoO,) 
was  not  evaluated  quantitatively  in  our  studies,  other  studies  indicate  that  the  maximum  value 
for  X  by  these  methods  may  be  less  than  0.5.  Complete  exfoliation  results  only  for  the  most 
highly  reduced  salts,  when  the  anhydrous  lithiated  compounds  show  a  basal-plane  expansion  of 
at  least  1  A  relative  to  MoOj.  The  nanocomposites  prepared  by  the  exfoliation/adsorption 
methofl  expand  by  approximately  8  A  when  excess  PEO  is  employed;  the  stacking  repeat  of  8.2 
A  m  LijMoO,  is  increased  to  15.9  -  16.5  A.  A  4.4  A  expansion  is  observed,  however  when 
the  PEO  content  is  limited  to  0. 1  g/g  Li^MoO,.  These  data  are  consistent  with  adsorbed  bilayers 
or  monolayers  of  PEO  between  MoOj  sheets. 

Elemental  analysis  of  the  products  provides  a  Li/MoO,  mole  ratio  of  0.25.  I'he 
nanocomposite  rapidly  reforms  a  colloid  when  placed  in  aqueous  solution,  so  the  products  cannot 
be  washed  to  remove  excess  polymer.  Some  products  therefore  contain  excess  PEO;  in  this 
case  scanning  calorimetry  of  the  products  indicates  a  sharp  exotherm  near  60  ’C  corresponding 
to  a  bulk  PEO  melting  transition.  Single-phase  products  are  obtained  by  careful  control  of  the 
PEO  /  MoO,  and  solvent  ratios.  Elemental  analyses  for  Li,  C,  and  H  in  the  single-phase 
products  prjvides  a  stoichiometry  of  Lio;o3f’EOo,3MoO,'0.06H20.  Thermal  analyses  of  the 
products  show  an  irreversible  exotherm,  associated  with  polymer  decomposition,  at  .120  ''C. 
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ABSTRACT 

Nano-composites  have  been  prepared  from  Na'  and  Ca**  montmorillonite  (MMT)  in  a 
polystyrene  matrix  via  chemical  intercalation.  Vinyl  monomer-g-MMT  was  prepared  by 
exchanging  the  mineral  cation  by  vinylbenzyl  trimethylammonium  chloride,  thus  rendering  the 
mineral  organophilic  and  forming  polymerizable  moieties  directly  bonded  to  the  lamellar  surface 
of  the  mineral.  Styrene  was  added  and  polymerized  by  free  radical  in  selected  solvents.  The 
ratio  of  mineral  to  the  bound  polymer  ranged  from  0.3  to  1.25  (by  weight)  depending  on  the 
initial  mineral  concentration  in  the  feed  and  on  the  solvent  used.  The  mineral  domains  in  the 
composite,  measured  from  suspension  cast  film  fall  in  the  range  of  150  nm  to  400  nm. 
Measured  from  compression  molded  samples,  the  domains  were  ca.  50  nm  which  is  much 
smaller  than  the  mineral  aggregate  and  comparable  to  that  of  the  primary  particle  of  the  mineral . 
WAXD  disclosed  that  the  d  (001)  spacing  of  MMT  in  the  composite  ranged  from  1 ,7  to  2  5  nm 
suggesting  that  the  mineral  aggregates  (ca.  10  fim)  were  dissociated  into  individual  layers  then 
reassembled  into  lamellar  nanoclusters. 


INTRODUCTION 

Concunent  with  the  recent  surge  in  the  preparation  of  nanoscale  materials,  nanostructured 
composites  based  on  hybrids  of  polymers  and  smectic  clay  minerals,  mostly  montmorillonites, 
are  emerging  with  the  prospect  of  solving  recognized  limitations  of  fiber  composites  and  filled 
polymers.  Montmorillonite  nanocomposites  of  nylon  6(1-5],  polystyrene  [6,7]  and  rubber  [8,9] 
have  been  described  in  the  recent  literature.  Like  other  multiphase  materials,  successful 
development  of  this  class  rests  on  two  basic  principles:  chemical  continuity  and  morphological 
hierarchy.  From  a  chemical  point  of  view,  these  systems  may  be  considered  as  clay-polymer 
complexes  [10]  and  are  based  on  physical  or  chemical  intercalation.  In  both  cases,  it  is 
suggested  that  a  limited  quantity  of  the  polymer  resides  within  the  interlamellar  spacing  as 
evidenced  by  d  (001)  measurements.  In  the  chemical  intercalation  approach  16,8,9,1 1[,  the 
polymer  is  chemically  bonded  to  the  ionic  sites  at  the  internal  surfaces  of  the  lamellae  through 
an  ion  exchange  process.  Physical  intercalation  [12,13],  which  has  been  also  called  "direct 
intercalation"  [7],  involves  mixing  clay  or  its  organophilic  derivative  with  a  polymer  in  the  melt. 
The  organophilic  treatment  of  MMT  facilitates  the  adsorption  of  the  polymer  into  the 
interlamellar  spacing  but  does  not  assure  effective  bonding. 

Undoubtedly,  ionic  bonding  of  the  polymer  to  the  internal  surface  of  the  clay  lamellae 
provides  chemical  continuity  from  which  higher  levels  of  stability  may  derived.  Indeed,  a 
polystyrene/  montmorillonite  composite  prepared  by  the  physical  intercalation  approach  [7]  has 
been  noted  to  deintercalate  by  suspending  the  composite  in  toluene.  On  the  other  hand,  the 
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polystyrene  in  a  similar  composite  (PS/MMT),  prepared  by  the  grafting  approach  [6],  remained 
chemically  bonded  to  the  mineral  after  extensive  solvent  treatment.  Since  intercalation  is  a 
common  attribute  of  all  three  methods,  it  is  instructive  to  categorize  the  hybrids  prepared  by 
chemical  intercalation  as  “mineral-polymer  grafts". 

The  morphological  hierarchy  of  this  class  of  composites  stems  from  the  lamellar  assembly 
of  the  mineral  into  primary  particles  which  constitute  the  native  aggregate  [14],  It  is  also  known 
that  MMT  swells  and  disaggregates  by  the  action  of  certain  liquids  then  reverts  back  to  its 
aggregated  character.  Thus,  regardless  of  the  type  of  bonding,  intercalation  does  not  necessarily 
give  rise  to  a  nanoscale  morphology  [11,  13].  Morphological  evolution  of  MMT-polymer 
hybrids  remains  ambiguous  and  appears  to  depend  on  thermodynamic  and  kinetic  factors  which 
dictate  the  balance  between  forces  of  dispersion  and  aggregation.  Realizing  that  materials  derive 
their  properties  from  their  chemical  stability  and  morphological  hierarchy,  this  paper  descnbes 
a  method  for  the  preparation  of  PS-g-MMT  and  provides  evidence  to  its  nanostructured 
character.  A  companion  paper  provides  detailed  chemical  and  morphological  analysis  of  another 
nanocomposite:  MMT-g-ATBN  [Sj. 


PROCEDURES 

The  concept  underlying  our  method  of  preparing  the  grafted  PS  intercalate  rests  on  two 
basic  steps  [6].  The  first  comprises  the  preparation  of  the  onium  salt  of  an  appropriate  vinyl 
monomer  which  is  subsequently  bonded  to  the  mineral  interlayer  by  ion  exchange.  The  second 
step  involves  a  routine  polymerization  reaction.  Thus,  a  suspension  of  25  grams  of  MMT  (Na 
or  Ca)  in  1  liter  of  water  was  stirred  overnight.  To  the  stirred,  cooled  (0-5  °C)  suspension,  an 
aqueous  (30  mmol)  solution  of  vinylbenzyl  trimethylammoniumchloride  (I  in  Fig.  1)  in  100  ml 
water  was  added  drop  wise.  After  3  hours,  a  white  precipitate  (II)  was  filtered,  washed  and 
dried.  To  a  prescribed  mixture  of  MMT-g-monomer  and  solvent  a  predetermine  volume  of 
styrene  monomer  and  AIBN  initiator  are  added.  The  mixture  was  then  heated  to  80  °  C  while 
being  stirred,  for  5  hours,  at  the  end  of  which  the  Poly(styrene-g-montmori!lonite)  (Ill)  was 
precipitated  in  methanol,  washed  and  dried  in  vacuum  at  100  °C  for  several  hours.  Figure  1 
presents  a  scheme  to  describe  the  preparation  procedure  and  Table  I  specifies  the  composition 
of  five  different  preparations  of  PS-g-MMT.  The  polymerization  reaction  was  carried  out  in 
acetonitrile  (MeCN)  and  toluene  whose  amounts  (in  ml)  are  reported  in  parentheses. 

Table  1.  Composition  of  polymerization  recipes. 


CODE 

MMT-g-MONOMER 
per  100  ml  styrene 

SOLVENT 

(ml) 

A 

5 

MeCN  (40)/Tol  (60) 

B 

10 

MeCN  (125) 

C 

10 

MeCN  (125)/THF  (125) 

D 

25 

MeCN  (200)/Tol  (200) 

E 

50 

MeCN  (400)/Tol  (400) 
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MMT-0®  ®M  +  Cl®  ®N-CH, 
Me, 


,CH=CH, 


Ia,b 


MMT-O®  ®N-CH,-^.-=---CH=CH.  +  CH,=CH 

1  ^  ^  -  I 

Me,  Ph 

II  a-  M  =  Na 
b-  M  =  Ca 


MMT-O®  ®N-CH, 

III 


PS 


Figure  1 .  Schematic  illustration  of  the  preparation  procedure 


The  material  produced  by  the  scheme  outlined  above  (III)  was  characterized 
systematicallv  to  define  the  evolving  nanostructure.  The  interlamellar  structure  which  includes 
the  stability  oi  the  ionic  bonding  and  the  nature  of  polymer  packing  between  the  lamellae  has 
been  examined  by  elemental  analysis.  FTIR  and  WAXD.  The  morphological  hierarchy  was 
elucidated  using  SEM  and  TEM. 


RESULTS  AND  DISCUSSION 

Elemental  and  FTIR  analyses  of  the 
MMT-monomer  intercalate  (II)  and  the 
MMT-polymer  were  used  to  ascertain  the 
chemical  structure  of  the  monomer  and  the 
stability  of  the  ionic  bond  [bj.  WAXD  of 
the  MMT-monomer  gave  rise  to  an 
interlamellar  spacing  of  d  (001)  =  1.5  nm 
in  both  the  Na  and  Ca  montmorillonites. 

1  his  increase  amounts  to  a  swelling  in  the 
interlamellar  spacing  of  0.54  nm  which 
suggests  bimolecular  packing  of  the  vinyl 
monomer  in  (11)  if  horizontal  alignment  is 
assumed.  It  was  also  ascertained  that  the 
exchange  of  the  inorganic  cation  was 
complete  and  that  the  cation  exchange 
capacity  of  the  MMT-monomer  was  similar 
to  its  original  value  [6]. 

Figure  2.  TEM  of  suspension  cast  film 

A  recent  US  patent  [15]  described  a  similar  procedure  to  prepare  PS/MMT  composite 
containing  only  5.3%  MMT.  The  patent  narrates  that  the  X-ray  diffractometery  of  this 
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conifKisite  material  gave  no  peak  attributable  to  the  (001)  plane  ol  MM  T,  This  mdieates,  the 
patent  tiiseloseii,  that  the  inJiviiluu!  layers  of  MMT  were  uniformly  dispersed  in  the  polymer 
Siiiiilar  claims  were  examined  in  another  publication  [8).  The  present  study  established  that  it 
IS  txissible  to  carry  out  polymerization  recipes  containing  up  to  *>0%  MMT  (Table  1).  In  this 


regard,  it  is  useful  to  note  that  intercalation 
namely,  swelling  and  disaggregation. 

riL.M  micrography  of  a  thin  film 
fabricated  from  THF  suspension  of  a  crude 
composite  preparation  (E)  is  shown  in  Fig. 

2.  The  product  appears  to  be  comprised  of 
mineral-rich  spheres,  in  which  the  polymer 
is  hound  to  the  mineral,  evenly  dispersed  in 
a  polymer  matrix.  The  spheres  in  Fig.  2 
range  in  diameter  from  150  nm  to  4(X)  nm. 
This  observation  leads  into  two  worthwhile 
consequences.  One  is  that  the  spherical 
clusters  of  Fig,  2  can  not  be  perceived  to 
undergo  unlimittxi  swelling  upon  molding. 
On  the  other  hand,  this  morphology 
indicates  the  feasibility  of  extracting  the 
mineral-rich  domains  from  the  polymer 
matrix  by  centrifuge  treatment  of  the 
suspension  to  obtain  a  composite  with  higher 
MMT  content. 

SEM  examination  of  a  compression 
molded  sample  of  preparation  E  (Table  I)  is 
exhibited  in  Fig.  3.  The  presence  of 
nodular  submicroscopic  domains  (ca.  50  nm) 
in  Fig.  3-a  implies  that  the  spherical  clumps 
Ol  Fig.  2  are  plausibly  assemblies  of  smaller 
domains.  Related  phenomenon  has  been 
observed  in  ATBN-g-MMT  [8].  Mapping 
ilie  surface  of  the  specimen  imaged  in  3-a 
for  Si  at  the  S-'me  magnification  (Fig.  3-b) 
unveils  that  MMT  domains  in  the  molded 
specimen  probably  maintain  a  wide  size 
distribution,  of  which  the  nodular  entities  of 
Fig.  3-a  are  the  largest,  ano  that  they  are 
homogcnecusly  dispersed. 


of  MMT  involves  two  interrelated  phenomena. 


■f  ■ ' 
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Figure  3.  SEM  micrograph  (a)  and  Si 
mapping  (b)  of  50%  MMT  composite. 


Table  II  summarizes  the  results  of  the  separation  experiment.  The  Table  also  includes 
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the  iiUcrLuiici'i.ir  ^p.^  .ng  nii.'.i'iurt.'t!  boioic  anJ  alter  cMraction.  I  iirthcr  evira^iK'n  ot 
unimcrcalaied  I’S  v>as  tound  ;x>ssihle  at  elevated  temperature  (Ifil 


T.ihle  II  Hxtraeiion  Results 


(.iXlC 

Txlr.  !' 

s,  T  MMT  1  g  (PS) 

d  (00)  Crude  d  (00!  )  Tixtr 

A 

Sf) 

0  M 

!tTTA  22. din  2  A 

B 

O.Ql 

24.5  A  21.7  A 

C 

"’S 

0,67 

22.2  A  18.9  A 

D 

42 

0.77 

18.1  A  17,1. 10,1  A 

T 

ID 

1.25 

17  2  A  20.8/10.6  A 

('onsidenng  tlte  data  in  Tables  1  and  II,  it  is 
noted  that  the  tnterianiellar  activ  it)  in  these 
pvslvmcriialions  depends  on  the  sohalioii 
power  of  the  used  solvent  and  the  fraction  of 
11  in  the  polymerization  recipe.  'Typical 
WA.XD  behavior  of  our  preparations  are 
shown  in  Tig.  4  for  samples  containing  (a)  e- 
5‘a'  and  ib)  50  ‘x  M.MT,  .\pparently,  two  | 
diffracting  species  exist  in  these  samples.  ’= 
one  of  which  exhibit  d  (WU  of  about  10  A,  t 
IS  perhaps  associated  with  unreacted  J 
mineral.  The  majonty  of  the  material 
exhibits  interlayer  diffraction  of  2.1  nm  and 
1,7  nm  for  the  5fc  and  50%  composites, 
respectively.  Quantitative  TLM  analysis 
indicated  that  the  spacing  between  the  MMT 
layers  in  the  composite  exhibits  a  wide 
distribution  ranging  from  }  rm  to  20  nm 
with  an  average  of  about  6  nm  [161, 


'V- 

4 


l-igurc  4.  W'AXD  of  two  composites 
containing  5%  (a)  and  50%  tbi  .M.MT 


CONCLUSIONS 

A  method  to  prepare  PS-g-MMT  composites  containing  more  than  50%  MMT  is 
disclosed.  It  entails  two  steps;  preparation  of  a  chemically  intercalated  monomer  which  is  then 
polymerized  with  styrene.  The  amount  of  polymer  contained  within  the  interlamellar  spacing 
of  MMT,  as  detected  from  WAXD,  appears  to  reflect  multimolecular  packing  whose  magnitude 
depends  on  the  preparation  conditions.  MMT  in  the  composite  predominates  as  clusters  in  the 
order  of  ca.  50  nm  which  are  homogeneously  dispersed  within  the  matrix. 
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LANGMOIR-BLODCETT  FILMS  OF  CALCIUM  STEARATE 
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ABSTRACT 

The  Langmuir  Blodgett  (LB)  Proee,s.s  has  hcen  hown  to  be  an  appropriate  method  for 
use  in  mtmieking  of  biological  processes  for  producing  engineering  materials  such  as 
bioccramics.  The  main  advantages  of  this  approach  are  that  the  layers  form  at  low 
temperatures,  that  they  arc  fully  den.se  and  that  the  proce.ss  of  densificatton  is  hy  infiltration 
rather  than  by  sintering.  Moreover,  biological  hard  ti.ssue.s  are  .sclf-a,s.semblcd  to  perform 
certain  functions;  the  architecture  being  controlled  by  an  cpita.\ial  organic  matnx.  Clearly,  if 
this  priKCss  can  he  under,slo(>d  in  detail  then  it  i.s  po.ssible  that  LB  films  may  be  used  to 
replicate  this  architecture  for  engineering  purposes. 

Atomic  Force  Micro.s^opy  (AFM)  and  X-ray  diffraction  (XRD)  have  been  u.sed  to  study 
and  characterise  LB  films  of  calcium  stearate  obtained  by  the  repeated  dipping  into  and 
w  ithdraw  al  of  a  t(K)l)  Si  wafer  from  a  subpha.se  containing  calcium  ions  and  using  stearic  acid 
as  the  surfactant.  Contact-mode  AFM  images  of  the  film  surface  have  hc’cn  u.sed  to  measure  the 
thickness  of  the  LB  layers  and  to  reveal  the  nature  and  di.siribmion  trf  defeel.s  in  the  film  The 
measured  thickne.s.s  of  the  calcium  stearate  layers  i.s  about  2.5  nm;  a  value  consistent  with  that 
obtained  by  XRD,  but  .smaller  than  the  length  of  an  individual  calcium  .stearate  molecules. 


INTRODUCTION 

Recently,  the  de.sign  of  new  materials  on  the  atomic  and  molecular  level  for  practical 
applications  has  been  inve.stigatcd  in  detail.  The  Langmuir  Blodgett  proce.ss  has  been 
suggested  to  be  one  of  the  most  appropriate  methods  for  the  prttduction  of  well-ordered  two 
dimensional  arrays.  The  Langmuir  Blodgett  prtxie.ss  consists  of  the  transference  of  a 
preformed  monolayer  onto  a  solid  sub.slrale.  The  prtKCss  consists  of  amphiphilic  compounds 
being  .spread  at  air-water  interfaces  and  a  monomolecular  layer  being  formed.  Upon 
comprc.ssion  of  the  monolayer,  the  molec  iles  are  oriented  at  the  inlerface.s.  The  compressed 
monolayer  is  transferred  onto  a  solid  substrate  via  its  immersion  into,  and  withdrawal  from, 
the  subpha.se.  Fig.  I  shows  a  .schematic  drawing  illustr  -.i'ng  the  various  stages  of  the 
laingmuir  Blodgett  Prtxess.  Three  different  stages  are  identified  ;  spreading,  film  compression 
and  deposition. 

Characteristics  such  as  film  stability  ,  a  low-defeel  structure  with  molecular-.scale 
features  and  the  fact  that  the  prtxe.ss  is  "designable”  fulfil  the  technological  requirements  of  a 
method  for  the  production  tif  pie/ixdeciric  and  pyroelectric  thin  films;  organic  thin  films  for 
photoelectric  information  conversion;  organic  thin  films  for  optical  information  storage  and 
organic  thin  film  for  biomimetic  prtKe.ss, 

In  this  work  the  Langmuir  Blodgett  proce.ss  has  been  u.sed  as  a  biomimetic  prtxess  to 
produce  a  material  with  similar  structure  to  that  in  the  shell  of  a  mollusc.  Mollu.sc  shells  are 
biological  hard  tissues  which  have  well-ordered  crossed  lamellar  microstructures.  Their 
strengths  are  comparable  with  those  of  many  common  engineering  ceramics.  The  main  idea  of 
this  project  is  to  produce  a  biomimetic  surface  in  the  form  of  a  LB  film  and  to  investigate  how 
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such  surface  films  will  modify  crystallisation  behaviour.  As  a  prelude  to  this,  thickness 
mcasuremcnis  were  carried  out  on  calcium  stearate  LB  films.  The  evaluation  of  this  parameter 
is  of  ’ital  importance  in  any  study  of  LB  films  and  such  measurement.s  are  the  focus  of  the 
pres  ni  p.  pc'r 


fig.  1  -  Schematic  drawing  of  the  Langmuir  Blodgett  process;  I  -spreading;  2-comprc.ssion; 
,1.  4  &  .“i  -  deposiium  of  lli!.  and  ,41^  layers;  6-final  film  structure. 


MATERIALS  AM)  EXPERIMENTAL  APPROACH 


The  surfactant  used  in  this  .study  was  a  5  x  lO"-^  M  .solution  of  stearic  acid 
(C',7HisC(K)H)  in  chloroform  and  the  subpha.v  was  a  pH  10  in  solution  of  calcium  hydroxide 
i('a(OH)2)  in  double  distilled  water!  0. 102  g/l).  The  surfactant  solution  was  deposited  onto 
the  .subphase  using  a  micro  syringe  lilted  with  a  metal  needle.  The  .substrates  u.scd  were, 
polished  wafers  of  semiconductor  grade  silicon  with  a  nominal  surface  orientation  of  !IK)1). 
Ihe  wafers  cleaned  and  dcgrca.sed  by  wa.shing  with  detergent,  rinsing  with  deionised  water  in 
an  ullra.sonic  bath  and  then  rinsing  in  isopropyl  alcohol. 

The  Langmuir-Blodgctt  trough  used  was  a  double  rigid  barrier  type  unit  con.simcted  of 
PfEE,  with  a  paper  Wilhclmy  plate  The  .surfactant  solution  was  introduced  into  the  middle  of 
the  U'ough  and  the  chloroform  was  allowed  to  evaporate  until  only  pure  surlaclant  remained  on 
the  subphase.  The  surface  pre.s.surc  was  mea.sured  using  an  infrared  detector  which  was 
calibrated  against  the  isotherm  curve  determined  for  the  .system  in  .separate  experiments.  Th  - 
barriers  cltise  until  the  surface  pressure  between  the  surfactant  molecules  reaches  a  specific 
target  value.  The  surface  pressure  is  maintained  at  this  target  value  by  direct  computer  eontnil 
of  the  barriers.  ITie  target  value  is  chosen  such  that  the  .surfactant  molecules  are  close  enough 
to  enable  the  substrate  to  be  coated  by  immersion  into  the  .subpha.se.  After  each  layer  is 
deposited,  the  target  pressure  is  re-established  before  producing  the  next  layer.  Since  the  Si 
substrates  u.sed  are  hydrophilic,  they  were  immersed  in  the  subpha.se  before  spreading  the 
surfactant  mixture.  In  order  to  allow  drainage  of  the  aqueous  subphase  solvent  from  the  film, 
the  withdrawal  speed  cho.sen  was  lower  than  the  critical  speed  for  film  deposition.  Between 
deposition  of  the  first  and  .second  layers,  the  wafers  were  allowed  to  drain  for  I  hour  such  that 
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more  of  the  water  was  eliminaicd  from  the  liim. 

X  ray  diffraction  was  used  to  determine  the  thickness  of  the  LB  film  “monolayers". 
The  diffraction  studies  were  carried  out  using  a  Philips  PW  1380  horizontal  diffractometer  with 
a  graphite  crystal  monixthromalor  controlled  hy  a  DAC()-MP  contrttller.  The  ka  line  from  a  Cu 
target,  which  produces  X-rays  with  a  characterisiic  wavelength  of  0.1452  nm,  was  u.sed.  The 
film  thickness  were  obtained  hy  a-ssuming  that,  since  the  scattering  of  X-rays  from  carbon  and 
hydrogen  atoms  is  very  small  compared  to  that  from  the  heavier  metal  ions,  the  lattice  spacing 
(normal  to  the  film)  measured  by  X-ray  diffraction  for  simple  fatty  acids  corresponds  to  the 
distance  between  adjacent  planes  containing  metal  ions.  Thus  the  d-spacing  can  be 
calculated  for  each  pair  of  layers. 

Film  thickncs.ses  were  also  was  determined  by  contact-mode  AFM  using  a  Digital 
Instruments  Nanoscope  11  scanning  probe  micro,scope  with  a  microfabricalcd  ,SiiN4  cantilever 
with  a  force  constant  of  O.dbNm'I  and  scanning  at  4kHz.  Images  were  obtained  by  scanning 
under  conditions  of  constant  height  with  a  net  tip  force  in  the  region  of  10-  HX)  pN.  .Since  the 
.'\FM  gives  quanliutive  measurements  of  surface  geometry,  layer  thicknesses  can  he  calculated 
hy  measuring  the  vertical  displacement  between  adjacent  regitins  on  .stepped  LB  multilayers. 


RE,Sl  LTS 

Cracks  were  generated  in  the  LBF  during  examination  in  a  low  vacuum  SL.M 
(l.VSEM)  and  a  typical  region  is  shown  in  Fig.  2.  De.spite  the  relatively  high  background 
pressure  which  the  LV.SE.Vl  maintains,  evaptvraiion  of  water  or  more  volatile  components  from 
the  sample  can  .still  occur.  We  note  that,  w  hilst  simple  ageing  of  the  films  can  produce  similar 
effects,  films  such  as  the  one  shown  in  Fig.  2  were  only  produced  1  hour  before  examination 
and  thus  this  is  not  likely  to  be  the  cause  of  the  cracks  in  the  pa'.sent  ca.se. 

It  is  interesting  to  note  that  multilayers  consisting  of  15  or  more  layers  did  not  crack 
when  viewed  under  LV.SEM.  One  possible  explanation  for  this  behaviour  is  that  it  may  he 
related  to  increasing  film  disorder,  small  environmental  changes  (e.g.  in  temperature  and 
pa'ssure)  can  cause  defects  on  the  multilayers.  According  to  Allara  ct  al’  layers  can  peel  off 
the  substrate  after  reaching  10  nm  (approx,  five  layers)  ax  a  consequence  of  an  increase  in 
film  disorder  However  u.sing  purer  reagents*  and  with  alternative  reaction  and  bonding 
.schemc.s^  "*  this  problem  has  been  solved  and  uniform  intact  films  of  over  1(K)  nm  thickness 
are  madily  achievable. 


(a)  (b) 


Fig.  2  -  AFM  images  of  cracks  on  the  .surface  of  a  40  layers  of  calcium  .stearate  LB 
Film,  (a)  two  dimen.sions  (b)  3-dimen.sions. 
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The  thickness  of  the  layers  were  then  measured  using  X-ray  diffraction  and  AFM  and 
these  measurements  were  compared  with  the  thicknesses  which  would  be  expected  for  ideal 
LBKs, 


Since  the  atomic  scattering  amplitudes  for  X-rays  from  carbon  and  hydrogen  atoms  are 
much  smaller  than  those  of  the  heavier  metal  atoms,  the  X-ray  diffraction  patterns  from  LBFs 
are  dominated  by  the  arrangement  of  these  latter  atoms.  Thus  the  main  diffraction  peaks  from 
the  films  corresponds  to  the  distances  between  adjacent  planes  containing  metal  atoms.  A 
typical  scan  is  shown  in  Fig.  3.  and  up  to  ten  orders  of  such  (001)  reflections  can  be 
identified.  The  direct  beam  has  a  divergence  which  swamps  the  detector  at  angles  below  1", 
thus  the  (001)  peak  is  not  accessible  but  ((K)2)  and  higher  order  are  clearly  visible.  There  is 
some  suggestion  of  subsidiary  oscillations  in  the  tails  of  the  ((X)2)  peaks;  similar  features  have 
also  been  observed  by  Pomcranlz  et  al'  *  who  used  a  diffractometer  with  excellent  collimation 
and  monochromaticity,  under  computer  control  and  with  counting  times  of  about  5  min  per 
point  to  mea.surc  the  fine  structure  of  the  diffraction  pattern.  It  was  shown  that,  the  tails  of  the 
Bragg  peaks  are  modified  by  an  envelope  function  giving  pronounced  maxima  and  minima  for 
films  which  consist  of  small  numbers  of  monolayers. 


Fig.  3  -  X-ray  Diffraction  results  for  calcium  stearate  Langmuir  Blodgett  multilayer. 


The  monolayer  thickne.s.ses  determined  for  the  calcium  stearate  is  around  3  nm.  This 
value  is  comparable  with  the  value  of  2.75  nm  which  would  be  expected  on  the  basis  of  atomic 
.structure  models  using  standard  values  for  interatomic  distances  and  atomic  radii  (Fig.  4). 


too 


To  verify  these  X-ray  results,  measurements  of  film  ihicknc-sses  were  also  obtained 
usinj;  AFM.  Fig.  5  shows  an  AFM  image  obtained  from  a  te.st  strueture  whereby  a  step  of  9 
monolayers  ha.s  been  deposited  onto  one  side  of  a  continuos  20  monolayer  film.  Tiie  height  of 
the  step  was  measured  as  21.77  nm  which  corre.sponds  to  9  monolayers  as  expected  and 
yields  a  layer  thickness  of  2.41  nm. 


FIG.  5  -  Cross  sectional  section  of  a  Calcium  stearate  LB  Film. 


Thus  there  is  a  .small  but  consi.stent  di.screpancy  between  the  measured  thickness  of  the 
monolayers  and  that  which  would  be  expected  on  the  basis  of  atomic  models.  If  this 
discrepancy  does  not  ari.se  because  the  atomic  radii  and/or  interatomic  distances  in  the  molecule 
are  different  from  the  standard  values  used,  then  one  possible  explanation  is  that  the  calcium 
stearate  molecules  are  inclined  to  the  substrate  thereby  producing  a  thinner  layer.^. 

The  u.se  of  tho.se  three  thicknes.ses  (theoretical.  X-ray,  and  AFM  values)  also  could 
indicate  the  type  of  structure  obtained.  X-rays  diffraction  measurements  showed  that  the 
spacing  of  metal  cations  were  nearly  twice  the  thickness  of  a  single  layer ,  conftrming  the 
head  -to-head,  tail-tail  arrangement  (Y-type  .structure).  X-type  multilayers  are  expected  to  have 
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a  dil'fcrenl  slruciure  than  Y-type.  The  methyl  groups  of  one  layer  should  be  adjacent  to  the 
carboxyl  groups  of  the  next  layer  on  the  bxsis  that  the  deposition  occurs  only  during  the 
immersion  sequences  of  the  dipping  operation.  However.  Holley**  and  Ehlert'*  have  shown 
that  the  spacing  of  the  metal  cations  is  e.s.sentially  the  same  in  both  x-  and  y-type  multilayers. 
This  indicates  that  the  orientation  of  the  molecules  must  overturn  during  the  building  of  the  x- 
type  multilayers. 


CONCLUSIONS 


The  thickness  of  calcium  stearate  LB  film  has  be  determined  to  be  2.5  nm.  It  is  consistent  with 
values  obtained  using  different  techniques  (AFM,  X-ray  diffraction)  A  small  discrepancy 
(theoretical  value  =  2.75  nm  and  experimental  calculation  =  2.5  nm)  has  been  found  in  relation 
to  the  theoretical  value  and  the  value  obtained  experimentally.  It  has  been  proposed  that  this 
di.screpancy  could  ari.se  due  to  tilting  of  the  molecules  in  the  film  away  from  the  substrate 
surface  normal. 
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ABSTRACT 

The  properties  of  bone,  as  a  polymer  reinforced  with  nanometer-sized  ribbon-shaped 
crystals  of  mineral,  are  compared  with  the  properties  of  synthetic  polymer  composites.  Bone 
does  show  some  superiority  to  existing  composites.  The  improvements  can  be  attributed  to  the 
microstructure.  Methods  for  reproducing  this  structure  in  a  synthetic  material  are  discussed. 


INTRODUCTION 

Mineralized  biological  tissues  show  a  range  of  properties  from  slightly  reinforced  polymer 
through  tough  composite  to  ceramic.  Bone  particularly  stands  out  as  having  a  good  combination 
of  stiffness,  strength  and  toughness  when  compared  to  equivalent  synthetic  materials.  The  main 
components  of  bone,  collagen  and  hydroxyapatite,  have  properties  that  arc  typical  of  other  lough 
polymers  and  minerals,  respectively.  Hence  we  must  look  to  the  microstruciure  as  the  source  of 
the  good  properties. 

This  paper  will  provide  a  brief  comparison  of  bone  and  composites,  will  identify  the  key 
aspects  of  the  structure  and  then  will  discuss  synthetic  efforts  to  duplicate  these  structures  and 
properties.  Bone  will  be  compared  to  short  fiber  reinforced  composites  which  are  moldable. 
roughly  isotropic  materials.  Much  better  properties  can  be  obtained  with  continuous  fiber 
reinforcement  but  at  the  cost  of  expensive  processing  methods  and  poor  properties  in  at  least  one 
direction.  The  challenge  is  to  extend  these  good  properties  into  moldable  materials. 


BONE  AND  COMPOSITES 

Bone  has  an  elastic  modulus  in  the  range  of  20-30  GPa.  about  10  times  that  of  collagen 
or  synthetic  resins,  table  1.  This  increase  is  achieved  by  reinforcement  with  40-50  volll  of 
hydroxyapatite  ribbons  which  have  a  thickness  of  a  few  nanometers  and  a  high  aspect  raiit). 
Various  theories  can  be  used  to  predict  composite  moduli  from  composition  1 1 )  and  bone  seems 
to  be  in  the  range  expected  for  the  known  component  moduli,  volume  fraction  and  particle  shape. 

Particle-filled  composites  generally  show  a  decrease  in  strength  and  a  rapid  decrease  in 
toughness  with  increasing  particle  content.  Fiber-filled  composites  get  stronger  but  also  less 
tough  (2|.  Properties  are  very  dependent  on  the  aspect  ratio  of  the  fibers  which  is  generally 
limited  to  a  range  from  10- .50  by  the  processing  conditions.  Glass  fibers  are  typically  10  a  m  in 
diameter  and  standard  processing  equipment  will  break  fibers  with  lengths  in  the  millimeter 
range.  Finer  fibers  are  undesirable  because  they  would  be  a  health  hazard  during  handling.  In 
addition  normal  mixing  procedures,  which  randomize  fiber  orientations.limit  the  fiber  volume 
fraction  to  the  percolation  threshold.  This  is  around  40  vol%  at  an  aspect  ratio  of  10  and  10 
vol%  at  50  13). 

Dense  bone  has  a  strength  of  150  MPa.  measured  in  tension  parallel  to  the  length  and  an 
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extension  to  break  of  10%.  Some  equivalent  composites  are  also  shown  in  table  1.  It  can  be 
seen  that  bone  is  distinguished  by  a  large  extension  to  break.  It  has  also  a  large  work  of  fracture. 
The  characteristics  which  must  contribute  to  these  fracture  properties  include:  high  aspect  rano 
particles  combined  with  a  high  packing  density.  There  is  no  a  priori  reason  to  expect  the  small 
particle  thickness  to  be  an  advantage  since  composite  theory  predicts  a  decrease  of  work  of 
fracture  with  decreasing  particle  size  at  constant  volume  fraction  and  aspect  ratio  {4]. 

This  rather  counterintuitive  conclusion  arises  in  essence  from  the  fact  that  the  energy  to 
pull  out  a  fiber  will  vary  as  the  critical  length  squared  multiplied  by  the  diameter,  while  the 
number  of  fibers  in  a  cross-section  depends  on  the  diameter  squared.  The  result  is  an  energy  that 
increases  as  the  first  power  of  size. 

Two  other  aspects  of  bone  structure  may  be  important.  Little  is  known  about  the  nature 
of  the  hydroxyapatite-collagen  interface.  Ptesumabiy  the  bonding  is  quite  good  as  it  is  in  good 
synthetic  systems.  It  is  possible  that  the  helical  structure  of  collagen  allows  some  specilie 
energy-absorbing  mechanism  to  operate  at  the  interface  during  fracture.  Such  a  mechanism  has 
been  observed  during  the  fracture  of  mollusc  shells  (5|.  In  addition  it  has  been  suggested  that 
the  large  extension  to  break  of  bone  is  due  to  microcracking  which  may  follow  specific  planes 
within  the  Haversian  or  lamellar  structure  and  so  reflect  structure  on  the  10-100  micron  scale  |6). 
Bone  has  a  very  clear  hierarchical  structure  [7,81  and  it  may  well  be  that  part  of  the  reason  for 
this  is  to  control  fracture  by  including  weak  planes.  Different  bone  types  do  show  different 
fracture  behavior. 


INORGANIC-ORGANIC  HYBRIDS 

Inorganic-organic  hybrids  have  been  studied  for  about  10  years  by  several  groups  and  the 
general  pattern  of  mechanical  properties  is  now  becoming  clear.  The  addition  of  the  inorganic 
phase  stiffens  glassy  polymers  in  line  with  composite  theory.  The  change  in  modulus  does 
depend  on  morphology  in  that  a  material  formed  with  a  continuous  inorganic  network  is  suffer 
than  one  with  an  continuous  organic  phase  and  inorganic  particles.  There  is  a  much  more 
marked  increase  in  modulus  above  the  glass  transition  (figure  1). 

The  mechanical  strength  in  compression  does  increase,  as  for  many  particulate  composites, 
but  there  is  generally  a  decrease  in  tensile  strength  and  in  toughness,  especially  at  high  particle 
contents  [9,101.  To  date  there  is  no  clear  sign  of  special  properties  arising  from  the  nanometer 
scale  of  the  inorganic  filler  except  the  effect  of  rubber  modulus  and  an  increase  in  degradation 
temperature  for  acrylic  polymers  [11]. 

Based  on  current  knowledge  of  organic-inorganic  hybrids  and  the  preceding  discussion 
of  bone,  there  are  two  obvious  routes  for  achieving  better  nanoscale  composites.  Firstly  the 
reinforcing  panicles  should  have  an  elongated  shape  rather  than  being  spherical.  This  needs  to 
be  achieved  without  paying  a  penally  in  packing  density.  Secondly  weak  planes  should  be  built 
into  the  structure  to  control  failure;  a  similar  mechanism  is  being  tested  by  incorporating  weak 
interfaces  m  ceramics  [12].  The  possibility  of  building  into  the  matrix  special  structures  with 
high  work  of  fracture  should  also  be  explored. 


ELONGATED  PRECIPITATES 

We  have  previously  shown  that  elongated  inorganic  oxide  precipitates  could  be  formed 
in  amorphous  polymers  by  drawing  the  polymer  during  the  precipitation  process.  The  resulting 
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elongated  particles  had  aspect  ratios  comparable  to  the  draw  ratio  of  the  polymer,  which  could 
be  controlled  by  changing  the  drawing  temperature  and  rate  [13|. 

Since  this  drawing  process  limits  the  composite  to  the  form  of  fibers  or  films,  we 
investigated  methods  of  impregnating  polymers  with  metal  alkoxides  to  form  elongated 
precipitates.  Solid  polymer  sheets  such  as  polyethylene  terephthalate  can  be  impregnated  widi 
silicon  alkoxides  and  then  steam  treated  to  form  a  harder,  silica-reinforced,  surface  layer  [14). 
This  process  is  very  dependent  of  .selecting  an  aikoxide  with  a  good  solubility  parameter  match 
to  the  polymer,  in  order  to  get  good  swelling. 

\Vc  attempted  to  use  a  similar  swelling  process  with  oriented  polymer  films  to  produce 
elongated  reinforcement.  It  appears  that  the  more  limited  swcllability  of  oriented  films  makes 
this  very  difficult.  However  we  were  able  to  get  good  swelling  of  a  two-phase  mixture  of 
pi'lym'-thylmethacrylale  and  polyvinylidene  fluoride.  These  two  polymers  are  miscible  in  the 
melt  hut  polyvinylidene  fluoride  crystallizes  and  so  segregates  from  the  amorphous 
polymethylmethacrylate  [15|.  When  films  are  formed  from  solution,  this  segregation  occurs  on 
a  large  scale  (10  m),  from  the  melt  the  separation  is  on  a  very  fine  scale  (lO-I(X)nm).  On 

swelling  with  titanium  alkoxides  and  hydrolysis,  the  acrylic  polymer  takes  up  aikoxide  and  is 
converted  to  a  litania-reinforced  composite  [16). 

When  drawn,  swollen  witfi  aikoxide  and  then  hydrolysed,  solvent-cast  films  show 
elongated  aggregates  of  tilania  in  the  polymer  (figure  2). 

Another  approach  to  the  formation  of  elongated  panicles  is  to  precipitate  an  inorganic 
ci>ota'!inc  .rial  with  att  ~.g.itcd  crystal  habit.  This  is  essentially  what  occurs  in  bone.  For 

an  tixide,  or  other  true  ceramic,  reinforcement  it  will  be  necessary  to  prevent  formation  of 
amorphous  gel  panicles  prior  to  crystallization.  It  is  not  yet  clear  how  this  can  be  achieved 
rapidly  but  recent  experiments  with  concentrated  surfactant  systems  point  toward  this  [17). 


CRYSTALLINE  MATRIX  POLYMERS 

A  further  approach  to  control  the  particle  morphology  is  to  use  a  crystalline  polymer 
matrix  rather  than  an  amorphous  polymer.  The  lamellar  morphology  of  crystalline  polymers 
should  redistribute  the  aikoxide  to  the  interlamellar  amorphous  regions  during  crystallization. 
Subsequent  hydrolysis  should  lead  to  titania  particles  in  layers  between  the  polymer  crystals.  In 
addition  the  toughness  of  crystalline  polymers  is  related  to  the  ability  of  chains  to  pull  out  of  the 
lamellae  during  yielding  and  this  toughness  may  be  carried  over  into  the  composites. 

To  investigate  a  system  of  this  type  polypropylene  was  melt  blended  with  titanium 
buloxide  and  extruded.  After  extrusion  the  film  was  treated  with  boiling  water  for  24  hours  to 
precipitate  the  titania.  In  the  melt  the  aikoxide  is  compatible  with  the  polymer.  Visual 
observation  of  the  extrusion  shows  two  transitions.  At  around  100°C  the  polymer  appears  to 
crystallize  to  become  opalescent.  At  around  40X7  the  film  becomes  much  more  opaque;  we 
believe  that  this  is  due  to  phase  separation  of  the  aikoxide,  possibly  induced  by  secondary 
crystallization  of  the  polypropylene  (18). 

Initial  samples  were  very  weak  and  brittle.  The  spheruliie  size  was  much  increased  in  the 
presence  of  the  aikoxide.  A  coupling  agent  (triisostearyltitanium  aikoxide.  Kenrich  Corp.)  and 
a  nucleating  agent  (potassium  benzoate)  were  added.  This  reduced  the  spherulite  size  and 
increa.sed  the  toughne.ss. 

Dynamic  mechanical  measurements  showed  an  increases  in  tensile  modulus  from  1.3  GPa 
to  2.2  GPa  with  9%  titania.  There  was  a  large  decrease  in  the  loss  modulus.  The  tensile  yield 
strength  showed  an  initial  .small  increase  from  that  of  pure  polypropylene  (14  MPa)  and  then  a 
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Figure  1:  .Storage  Modulus  of  PMMA-(22  vol%)  Silica  hybrid  composite  and  pure  PMMA 


Figure  2:  Titania  Particles  formed  by  alkoxide  swelling  and  hydrolysis  of  a  PVF2-PMMA 

polymer  blend  (PVR- PMMA) 
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drop  10  y  MPu  al  9%  tilania.  &anning  electron  microscopy  of  fracture  surfaces  in  samples 
containing  high  levels  of  titania  showed  that  there  was  a  titania-rich  region  at  the  spherulite 
boundaries  that  tended  to  embrittle  the  polymer.  Small  angle  x-ray  scattering  showed  only 
nanometcr-si/ed  titania  particles. 

This  first  attempt  to  combine  in  situ  reinforcement  with  the  lamellar  morphology  of  a 
crystalline  polymer  has  shown  that  such  systems  can  be  formed  by  normal  polymer  melt 
priKcssing  methods.  The  elastic  properties  follow  those  that  could  be  expected  for  a  composite. 
The  fractua*  properties  seem  to  be  dominated  by  morphology  at  the  whole  spherulite  .scale  raihei 
than  at  the  lamellar  scale  and  this  needs  to  be  controlled  if  the  intrinsic  behavior  of  this  type  ol 
structure  is  to  be  studied. 

Polypropylene  is  probably  not  the  ideal  polymer  for  this  type  of  reinforcement,  hut  it  docs 
have  the  merius  of  a  low  melting  point  and  absence  of  any  reaction  with  the  titanium  alkoxidc. 
to  which  most  esters  would  be  vulnerable. 


CON(  I.IJSIONS 

There  is  reason  to  believe  that  stiff,  tough  materials  can  be  made  by  in  situ  retnforccmcnl. 
but  they  have  not  been  made  yet.  It  is  probable  that  locally  aligned,  elongated  reinfoicing 
panicle.s  will  be  nccc.ssary.  it  may  al.so  be  nece.s.sary  to  add  toughening  .structures  on  the  .scale 
of  a  few  microns. 
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ABSTRACT 

Intrigued  by  the  deeepovc  simplicity  and  beauty  of  macromidecular  sell-as,sembly.  our 
laboratory  began  studying  models  of  si‘lf-a.ssembly  asing  solids,  gla.s.si-.s,  and  colloidal 
substrates.  The.se  .studies  have  defined  a  tumlamenial  new  colloidal  maienal  for  supporting 
members  'f  a  biochemically  reactive  pair. 

The  technology,  a  molecular  transportation  a.s.sembly,  is  based  on  prefotmed  carbon  ceramic 
nanoparticles  and  self  a.s,sembled  calcium- phosphate  dihydraie  particles  to  which  glassy 
carbohydrates  are  then  applied  as  a  nanometer  thick  surface  coating.  This  carbohydrate  coaled 
core  tunclions  as  a  dehydroprotectanl  and  stabilires  surface  immohili/ed  members  of  ;i 
biochemicidly  reactive  pair.  The  final  product,  therefore,  consi.sis  of  three  layers.  The  core  is 
compnsed  of  the  ceraratc,  the  second  layer  is  the  dehydroprotectanl  carbohydr;iie  adhesive, 
and  the  surface  layer  is  the  biochemically  reactive  molecule  for  which  delivery  is  desired 

We  hat  e  characteri/ed  many  of  the  physical  properties  of  this  .sy.stem  and  have  evaluated  the 
utility  of  this  delivery  technology  in  vitrn  and  in  animal  models.  Physical  characteri/ation  has 
included  standard  and  high  resolution  tran.smi.vsion  electron  microscopy,  electron  and  x-ray 
diffraction  and  ^  potential  analy.si.s.  Functional  as.says  of  the  ability  of  the  system  to  act  as  a 
nano.scale  dehydroproteciing  delivery  vehicle  have  been  performed  on  viral  antigens, 
hemoglobin,  and  insulin.  By  all  measures  at  present,  the  favorable  physical  properties  and 
biological  behavior  of  the  molecular  transportation  avsembly  point  to  an  exciting  new 
imerdisciplinary  area  of  technology  development  in  materials  .science,  chemi.stry  and  biology 


1  INTRODUCTION 

I  Self-as,sembly,  broadly  defined  as  the  spontaneous  fabrication  of  multi-component  molecular 

structures,  is  the  elegant  mechani.sm  by  which  mo.st  complex  biological  molecules  .achieve  their 
ultimate  form.  Self-as.sembly,  at  the  biological  level,  is  the  inevitable  co.i.sequence  of 
fundamentally  weak  electron  interactions  between  complex  macromolecules.  Toe  deceptive 
I  simplicity  and  beauty  of  macromolecular  self-avsembly.  ax  exists  in  nature,  has  prompted  many 

commercial  concerns  and  rcscaah  laboratories  to  experiment  with  "biomimeiic  proce.ss. ' 

At  the  commercial  level,  industry  has  experienced  financial  ,succe.s.s  with  applications  of  .self- 
assembly  principles  in  polymerase  chain  reaction.  In  the  biomedical  arena,  several 
pharmaceutically  oriented  biotechnological  applicatioas  of  self-assembly  including  liposomes 
and  virus-like  particles  are  in  development  and  .some  are  already  in  clinical  trials.  On  the 
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\|vi  iiiK'Hlal  mw'sUjialors  havo  sui.x'i‘ssluHy  produccil  a  variety  i>l  .sell -asscmhly  pioilui  i> 
suili  as  iiucrolilhoarapliod  hiiv-palU-ms.  iriplc  hclii'al  DNA,  DNA  cutvs,  iianiuuhulc’s  and  ca^t' 
s.'iiipiHnids  '  Ni’iiral  iiolworks  and  hii'-opiitu-idi'ctrimic  devitos  arc  among  thi.’  L’tnisioivd 
applivadons. 

Challenged  hy  problems  ol  nioleeular  tamrormalion  at  inlenates.  our  lahorau'ry  has  studied 
models  ot  sell-assenihly  using  solids,  gla.s.ses,  and  colloidal  substrates  lor  the  past  six  years. 
These  studies  have  delTned  a  Tundamenlal  enabling  platlorm  lor  the  sale  transpnrlalion  ol 
nil  vheniieally  aeltve  moleeules.’  Ani.iiig  the  applications  oT  this  sale  moieeular  transponaiion 
as.seinhiy  are:  vaeeines,  arttlieial  hUnid.  drug  delivery  and  gene  therapy. 

This  article  reviews  the  principles  of  sell-assembly.  nanohioUigy.  and  the  challenges  ot 
iii.iiiiuiining  the  activity  oT  biologically  reactive  pairs.  The  eonvergenee  ol  these'  principles  iiiio 
a  single  delivery  vehicle  with  a  variety  oT  biological  applications  is  desenbed. 


PRINT  1PI.ES  OF  SELF-ASSEMBLY 

Svnlhcitc  products  are  self  u.v.vf/n/i/i/ig  if  the  eon.stiluent  parts  assume  sponianeouslv 
pre.scnbed  structural  onentalions  in  IW")  or  three  dimensional  space.  The  siudy  of  siah 
processes  has  uadrlionally  been  called  .\«/)r<imo/ee«/iir  (.  hemism.  mai  romnlt  i.  ulur  iiirntri 
I’hftiomfmi  or  nimoifchnulofiy.  and  the  products  have  been  called  smart  maitrials.  In 
aqueous  biological  environmenis,  the  aswnibly  of  macromolecules  is  governed  basically  b\ 
three  physieoehemical  priic'es,ses:  the  interactions  of  charged  groups,  dehydration  efieels  and 
intrinsic  structural  stability. 


Interactions  (lelween  chiuged  griyujis 

Most  biological  and  synthetic  surfaces  are  charged  due  to  eoasliiucnl  chemical  groups  or 
adsorbed  tons  from  the  biological  niitieu.  The  interactions  of  charged  groups  such  as  amino-. 
Carboxyl-,  sultale-.  and  phosphate-groups,  faeililau  the  long  range  approach  of  self  as.st.'mbling 
subunil.s.  The  long  range  interaction  of  con.stiiueni  subunits,  beginning  at  around  15  iim.  and 
their  gradual  attraction  lo  an  energy  minimum  that  exists  at  a  distance  of  approximately  T  nm. 
IS  the  necessary  first  phase  <if  ,sclf-a.s.sembly. 

Natural  .self  Assembling  structures  that  are  favored  by  the  exi.sienee  of  strong  inleraetions  of 
charged  groups  include  crystal  lattice  formaiion  and  hone  mineraliran.m  Charged  groups  also 
play  a  role  in  .stahili/ing  tertiary  stnic'tures  of  folded  proteins.^  Bioicehnologieal  applications 
ol  self-u.vsembly  ha.scd  on  charged  group  inleraetions  include  the  analytically  uselu!  leehnique 
of  forming  cadmium  arachidale  bilayers  to  study  the  diclceliit  constants  of  protein  layers, 
frictional  slippage  between  bilayers.  and  other  parameters  of  biological  me.mbranes. 


Hydrogen  bonding  and  dehydration  eflecls. 

Hydrogen  bonds  arguably  constitute  the  most  important  molecular  inieraclion  in  .self 
as.sembling  siruelures.  Molecules  that  form  hydrogen  bond.s  are  hydrophilic,  and  these 
molecules  confer  a  .significant  degree  of  organization  to  the  sum.uiiding  water  molecules.' 
Hydrocarbons  and  other  molaules  that  arc  hydrophobic  arc  incapable  of  forming  hydrogen 
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bonJs  with  the  surrounding  water.  Nevertheless,  their  repulsion  ol  water  also  imparts  a  great 
deal  of  organization  to  the  surrounding  environment.  The  organized  water  detreases  the 
overall  level  of  entropy  of  the  surrounding  medium.  Because  organized  water  Ls 
thermodynamically  unfavorable,  molecules  tend  to  "welcome"  the  opportunity  to  shed  the 
surrounding  water,  or  dehydrate,  m  favor  of  aitsembling  with  one  another.*  This  step  is  the 
primary  driving  force  of  ,self-a.ssembly  in  the  typically  aqueous  biological  milieu,  and  accounts 
tor  interactions  among  surfaces  and  macro.-nolecules  that  may  intuitively  appear  to  be  unlikely. 
While  charge  el  feels  begin  long  range  at  15  nm,  dehydration  effecLs  soon  take  over. 
Dehydration  eflecls  and  the  asstKiated  entropic  drive  continue  to  favor  surface  adsorption  to 
approximately  ihe  3  nm  intemrolccular  distance  where  steric.  double  layer  and  electrostatic 
repuLsion  forces  begin  io  reverse  the  prtxie.vs.’ 

In  nature,  hydrogen  bonds  arc  largely  lesponsible  for  ba.se  pair  matching  in  double  stranded 
nucleic  acids,  codon-anticodoii  matching  in  dansfer  RNA.  stabilization  of  RNA  clovcrlcaf 
siructure  via  ba.se  pair  matching,  and  stabilization  of  secondary  protein  stn'ctures  such  as  tx- 
helices  and  (3-slieets.  The  premier  biotechnological  application  to  date  has  been  exploitation  of 
the  polymcri'.se  chain  reaction  pnKe,s.s. 


Intrin sic  structural  stability 

The  structural  stability  of  proteins  in  the  biological  environment  is  deterniincd  by  two 
compeung  groups  of  forces.  There  are  denaturing  forces  created  by  the  interactions  between 
charged  groups  and  hydrogen  bonds  largely  external  to  the  molecule  and  there  are 
conformaiionally  suibili/ing  van  dcr  W'aals  forces  largely  internal  to  the  molecule.  The  van  der 
Waals  forces,  most  often  expenenced  by  the  relatively  hydrophobic  molecular  regions  that  are 
shielded  Irom  water,  play  a  subtle  but  critical  role  in  maintaining  molecular  conformation 
during  self-as.sembly. 

Molecules  that  are  "hard"  and  relatively  stable  are  le.ss  likely  to  be  deformed  during  .self- 
as.sembly.  The  a.ssixiiated  minimal  change  of  the  Gibbs  fee  energy,  a  con.sequence  of 
molecular  denalurati^>n  to  an  energetically  more  favorable  stau  enables  the  interaction  to  he 
relatively  reversible.  ".Softer"  molecules,  however,  are  particularly  vulnerable  to  the 
biophysical  forces  of  self-as,sembly.  and  the  energy  minima  a,ssumed  upon  conformational 
denaturation  tend  to  preclude  reversal. 


NANOSCALE  BIOLOGY 

Although  we  live  in  a  three  dimen.sional  world,  most  of  our  sensory  expenences  with  matter 
involve  perceptions  of  only  the  very  few  surlace  layers  of  molecules.  Our  two-dimensional 
cognition  of  a  three  dimensional  environment  is  a  primary  con.sequence  of  the  fact  that  most 
chemical  and  biophy.sical  interactions  between  materials  and  the  biological  environment,  of 
which  we  are  an  integral  part,  iKcur  at  surfaces.  W'hile  colloidal  materials  and  nanoscale 
proce.s.ses  have  not  generally  considered  to  be  tn  the  realm  of  the  biological  .sciences,  even  a 
cursory  view  of  the  biological  world  yields  a  vision  n;,splendcnt  with  things  nano. 

In  our  world,  surfaces  rule.  Surfaces  are  physically  unique  environments  with  mechanical, 
chemical  and  electrical  properties  derived  from  the  electron  clouds  of  the  atoms  comprising 
them.  Three  dimen.sional  matter  that  is  compri.sed  primarily  of  surfaces,  better  known  as  a 
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colloid,  is  the  chief  operator.  Introduced  by  Thomas  Graham  in  1861,  a  colloid  is  any  particle, 
droplet,  molecule,  or  otherwise  designated  form  of  matter  whose  linear  dimension  is 
somewhere  between  1  nm  and  1  pm.  Indeed,  Man'  himself  is  a  complex  animated  colloid 
representing  the  interfacial  activities  of  the  four  forms  of  matter:  gas,  liquid,  glass  and  solid. 
Self  as,sembled  from  Leibnitzian  monads’  of  almost  unimaginable  variety,  man  is  a  testimony  to 
die  awesome  inherent  properties  of  colloids  and  nanoparticlcs. 


BIOCHEMICALLY  REACTIVE  PAIRS 

BiiKhomical  phenomena  consist  of  binary  interactions  between  pairs  of  molecules. 
Common  names  for  such  biochemically  reactive  pairs  include  but  are  not  limited  to 
immunological  pairs,  ligand-receptor  pair.s,  enzyme-subsuate  pairs,  drug-receptor  pairs, 
caialy.st-reactant  pairs,  catalyst-.substrate  pairs,  absorbate-absorbent  pairs,  adsorbate -adsorlx-nt 
pairs,  and  toxin-ligand  pairs.  On  a  molecular  level,  nearly  all  biochemical  phenomena  between 
such  pairs  involve  the  spatial  recognition  of  one  molecule  by  another,  and  such  recognition 
serves  as  the  means  by  which  energy  and  information  are  dansmitted,  products  are  generated, 
re.sponses  are  initiated  and  complex  biological  -suuctures  are  built. 

The  process  of  spatial  recognition  implies  both  regio.selective  and  steteo.selective 
interactions  among  biochemically  reactive  pairs.  One  member  of  a  bi(x:hemically  reactive  pair, 
consuained  by  fundamental  biophysical  laws,  may  interact  with  the  other  member  of  a 
bicK'hemically  reactive  pair  il'  and  only  if  both  members  are  physically  conformed  within  some 
bounded  set  of  possible  spatial  arrangements  and  if  both  members  have  their  respect  interactive 
regions  unencumbered.  The  environment  within  which  biochemically  reactive  pairs  interact 
affect  greatly  the  process  of  spatial  recognition.  Environments  that  consdain  spatial  mobility 
or  encumber  molecular  regions  may,  depending  on  the  degree  of  constraint  and  the  resulting 
•Spatial  conformation,  either  promote  or  inhibit  biochemically  reactive  pair  interactions. 

An  example  of  the  former  is  surface  activation  of  synthetic  chemical  reactions  in  a  proce.ss 
known  as  "solid  pha.se  synthesis."  Solid  pha.ses,  cither  as  solid  glajisy  polymers,  cry.stalline 
materials,  or  complex  macromolccular  polymers  have  been  features  of  synthetic  biochemi.stry 
since  the  early  l%0',s  .  Their  u,sc  was  advanced  Itu'gely  by  Merrifield  for  facilitating  peptide 
synthesis  and  for  which  he  received  the  Nobel  Priza;  for  Chemi.stry  in  1984.  They  became 
widely  popular  becau.se  the  ,solid-pha.se  method  offered  .simplicity,  speed,  avoidance  of 
intermediate  isolation,  and  automation.  The  principal  limitation  in  the  widespread  uxc  of  .solid 
pha.se.s  has  been  the  empirical  observation  that  only  a  few  surfaces  were  effective  biochemically 
reactive  pair  interaction  promoters. 

It  is  impractical  to  list  the  many  examples  of  environmental  consdaints  that  affect 
bi(x:hcmically  reactive  pair  interac'ions,  but  it  is  rea.sonable  to  acknowledge  that  such 


The  terni  "Man"  is  u.scd  here  in  the  generic  sen.se  as  a  more  linguistically  palatable  form 
of  W.  Sapiens. 

Metaphy.sical  theory  of  matter  developed  in  the  late  17th  century  and  stimulated,  in 
part,  by  organic  microscopic  entities  that  had  been  discovered  recently  following 
Leeuwenhoek’s  (1632-172.71  invention  of  the  microscope.  Although  the  theory  argues 
for  the  non-interaction  of  substances,  it  ncvcrthele.ss  entails  rudimentary  allusions  to  the 
conservation  of  energy  and  to  the  principle  of  least  action  -  elements  that  are  u.sed 
today  to  dc.scrihu  colloidal  and  macromolccular  phenomena. 
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constraining  conditions  include  but  are  not  limited  to  temperature,  salinity,  surface  chemistry, 
solution  dielectric  constant,  osmolarity,  concentration  of  competitive  species,  gas  partial 
pres.sures,  elecuic  fields,  and  magnetic  fields. 


CHALLENGES  OF  MOLECULAR  DELIVERY 

Molecular  delivery  is  the  Holy  Grail  of  the  biomedical  sciences.  E3elivery,  to  the  extent  that 
molecules  would  he  stabilized  for  greater  activity  and  targeted  for  greater  specificity,  offers  the 
promise  of  greatly  improving  such  fields  as  vaccines,  drugs  therapy  and  even  gene  therapy.  A 
host  of  chemical  reactions  that  tend  to  destroy  polypeptides  and  other  labile  biochemically 
active  molecules  might  be  prevented  with  adequate  surface  immobilization  (Table  1).'' 
Consequently,  vaccines  might  not  have  to  be  boosted  because  they  would  lasted  longer,  and 
their  immunoprotectrve  properties  might  be  enhanced.  Drugs  might  be  more  effective  with 
fewer  side  effects  if  they  were  targeted.  And  most  significantly,  gene  therapy  might  be  possible 
('n  a  practical  level  without  the  need  for  surgery. 


TABLE  1 

StabUity  Problems  in  Bulk 
Solutions* 

Potential  Advantages  of 
Surface  Immobilization 

Rationale  for  uxing  deliver)' 
vehicles  in  the  biomedical 
( omnnmit). 

•  Hydrolysis 

•  Oxidation 

•  Deamidation 

•  Pbo.sphojylation 

•  p-elimination 

•  Racemization 

•  Glycation 

•  Stability  (protection 
against  the  proce.s,ses 
de.scribcd  to  the  left) 

•  Cellular  or  Organ 
Targeting 

Unfortunately,  the  marriage  of  biological  .sciences  with  materials  science  has  been  rocky. 
Nano.scaled  members  of  a  biologically  reactive  pair,  when  immobilized  onto  a  surface  that 
alters  dramatically  a.spects  of  their  environmentally  consuained  conformation,  tend  to  a.ssume 
novel  conformations  that  may  render  the  members  either  biochemically  inactive  or  antigenically 
irrelevant.  .Since  the  primary  driving  force  in  non-covalent  interactions  between  aqueous 
dispersions  of  macromolecules  and  surfaces  is  dehydration,  the  pcis-sibility  that 
dchydroprotectanLs  might  solve  the  challenge  of  surface-facilitated  molecular  delivery  was 
as.se.ssed. 

Previous  work  published  in  the  agricultural  and  microbiological  literature  identified 
carbohydrates,  specifically  di.saccharide.s.  as  potentially  effective  dehydroprotectants.  In  the 
early  1940’s,  Lewis’”  showed  that  a  40%  sucrose  solution  exhibited  a  substantial  stabilizing 
effect  on  the  viability  of  ergot  producing  Cloviceps  purpurea  when  inoculated  on  host  rye. 
This  empirical  observation  acquired  biophysical  mechanistic  support  from  Crowe  et  al." 
Briefly,  they  suggested  that  certain  .sugars  may  replace  the  water  around  polar  residues  in 
membrane  phospholipids  and  proteins  thereby  maintaining  their  integrity  in  the  absence  of 
water.  It  is  a  phenomenon  that  has  been  utilized  by  nature  to  protect  anhydrobiotic  organisms 
such  as  fungal  spore.s,  yea.st  cells,  and  cy.sis  of  brine  shrimp  again.st  desiccation.  It  appears  that 


*  Adapted  from  F.  Franks.  Bio/technology,  12,  253  (1994). 
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sugars  are  capable  of  preserving  the  structure  and  function  of  both  membrane  bound  and 
soluble  proteins  in  the  absence  of  water. 

The  family  of  sugars  that  exhibit  dehydroprolectanl  properties  are  largely  mono-,  di-,  and 
oligosaccharides,  and  their  ability  to  do  so  correlates  with  their  ability  to  form  glasses.'" 
Working  with  the  model  disaccharide  trehalose.  Green  and  Angell  concluded  that  the 
trehalo.se/water  .system  pas.ses  into  the  glas.sy  slate  and  thereby  arrests  all  long-range  molecular 
motion."  Denaturaiion  is  thus  impeded.  The  glass  uansilion  temperatures  of  the  most 
common  natural  dehydroproteclanls.  trehalose  and  sucrose,  are  79°C  and  70°C  respectively. 

The  empirical  observations  of  Lewis  coupled  with  the  explanations  offered  by  Crowe 
suggest  that  disaccharides  and  related  poly-OH  oligomers  with  comparable  glass  transition 
temperatures  may  function  as  dehydroprotectants  for  .surface  immobilized  members  of  a 
biiKhemically  reactive  pair.  Studies  of  the  secondary  structure  of  dehydrated  molecules 
immobilized  on  dusaccharide  films'^  and  the  results  obtained  in  various  biomedical  applications 
tend  to  confirm  these  principles. 


APPLICATIONS 

Macromolecules  representing  a  variety  of  clas.ses  of  biixhcmicaily  reactive  pairs  have  been 
studied  in  our  laboratory  following  immobilization  on  surface  modified  nanixrystalline 
materials  Examples  of  ajiplicaiions  include  vaccine.s,  .synthetic  blood,  and  drug  delivery 
vehicles.  The  basic  self-assembling  .synthetic  units  are  rather  similar  among  the  applications, 
yet  the  consistent  ob.servation  is  that  the  conformation  and  or  biological  activity  of  the 
immobilized  molecule  is  pre.served. 


Materials  and  Methods 

The  delivery  vehicles,  as  self-assembled  through  non-covaleni  interactions,  consist  of  three 
layers:  a  .solid  phase  core  to  provide  a  nidus  for  surface  immobilization,  a  surl'ace  modifying 
layer  of  the  gla.s.sy  disaccharide  cellobiose.t  and  an  outer  layer  consisting  of  a  member  of  a 
biiKhemically  reactive  pair  (Table  2).  For  the  solid  phase,  ceramic  materials  were  used 
becaase  ceramics  are  the  most  structurally  regular  materials  in  existence.  Being  crystalline,  the 
high  degree  of  order  in  ceramics  eresures  that  any  surface  mixlificaiion  will  have  only  a  limited 
effect  on  the  nature  of  the  atoms  deep  to  the  surface  and  thus  the  bulk  properties  of  the 
ceramic  will  be  preserved.  Al.so,  the  high  degree  of  order  of  ceramics  ensures  that  the  surfaces 
vrill  exhibit  high  levels  of  surface  energy  which  will  favor  the  binding  of  the  disaccharide 
surface  film 

The  two  most  commonly  u.sed  ceramic  cores  have  been  carbon  (diamond)  and  calcium- 
phosphate  dihydrate  (brushitc).  The  diamond  has  been  u.scd  primarily  for  vaccine  applications, 
while  the  degradable  hrushile  has  been  used  for  applications  where  substantial  quantities  of 
biiKhemically  active  material  would  be  expected  to  be  admini.siered. 

A  typical  prixess  for  producing  clean  diamond  cores  and  coaling  them  with  cellobiose 
begins  with  1  gram  quantities  of  diamond  powder  IGeneral  ElecUic,  Worthington,  OH]  which 
are  cleaned  by  400  Wall  sonication  at  4°C  lBran.son,  Danbury,  CTT]  in  12  N  HCl  for  16  hours 


The  gla.ss  transition  temperature  of  the  disaccharide  used  by  us,  cellobio.se,  is  77°C. 


and  washed  with  ultrafiltered  water  until  the  pH  is  near  7.  The  resultant  opaque  dispersions 
are  layered  over  glass  plates  and  baked  in  a  vacuum  oven  for  2  days  at  185  C.  Dried  diamond 
is  then  rehydrated  once  more  and  acid  washed  as  previously  described.  Activated  diamond 


TABLE  2 

STRUCTURAL 

POSITION 

CHEMISTRY 

FORM  OF 
MATTER 

Composition  of  the 
three  layer  molecular 
transportation 
assemhls 

Core 

Ceramic  formed 
from  metal  oxides 
or  carbon 
(diamond) 

Solid  (crystal) 

Surface  Coating 

(stabilizer- 

deh  vdroprotectant ) 

Di  saccharide 
(sugar) 

Glass 

Outer 

Biochemically 

Active  Molecule 

Variable 

Colloid 

dispersions  in  ultrafdtered  deionized  water  are  adjusted  to  1 .0  mg/ml  and  then  introduced  to 
250mM  cellobio.se  [Sigma,  St.  Louis,  MO)  and  lyophilized  for  24  hours.  LJnad.sorbed 
cellobiose  is  removed  by  ultrafiltration  dialy.ses  against  sterile  water  in  a  11)0  kd  nominal 
molecular  weight  cutoff  stir  cell  (Filtron.  Northborough,  M  A]  at  room  temperature. 

The  addiiitm  of  the  third  layer,  consisting  of  a  biochemically  reactive  pair  member.  Ls 
tailored  to  the  .solubility  properties  of  the  molecule  of  interest. 


Experimental  Results 

To  date,  we  have  immobilized  antigens  to  produce  viral  decoys  (Figure  1)  as  vaccinating 
agents.'^  hemoglobin  to  produce  red  blood  cell  surrogates,''’  and  iasulin  to  test  the  drug 
delivery  concepts.'’  The  diamond  based  viral  decoys,  compri.sed  of  immobilized  viral  outer 
envelope  proteins,  most  K<xni]y  from  HIV,  tend  to  range  in  size  from  .70  to  100  nm  and 
exhibit  a  broad  range  of  properties  that  indicate  preserved  confirmation  of  the  adsorbed  viral 
proteins.  They  exhibit  the  same  ^-potential  as  whole  virus,  react  with  moniK’lonal  antibodies 
directed  at  whole  virus,  and  evoke  both  antibody  and  cellular  immunity  in  test  animals 
comparable  to  the  reactions  evoked  by  whole  virus.  Specifically,  the  decoys  exhibit  the  same 
.size,  same  surface  charge,  are  recognized  by  confomiationally  specific  and  non-specific 
monoclonal  antibodies,  are  recognized  by  HIV  positive  human  scrum,  evoke  antibody 
responses  with  the  .same  magnitude  and  we.stem-blot  profile  as  HIV.  and  evoke  cellular 
immunity. 

The  red  cell  surrogates,  comprised  of  degradable  calcium  phosphate  cores,  exhibit 
comparable  molecular  oxygen  binding  cooperatively  relative  to  whole  blood,  and  can  be 
dispersed  in  .solutions  that  have  an  effective  hemoglobin  concentration  of  lOg/dl.  Specifically, 
the  red  cell  surrogates  exhibit  the  Bohr  effect,  have  a  solution  pH  7.4,  80nm  size,  10  g/dl 
hemoglobin  .solution  concentration.  p50  26-72  torr.  Hill  coefficient  2.2,  Osm  270  mOsm  and 
viscosity  .07.52  Poi.se. 
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The  drug  delivery  applications,  again  using  the  ttegradable  ceramic  cores  with  immohili/ed 
insulin,  show  in  vivo  biological  activity  that  is  as  intense  and  slightly  prolonged  relative  to 
insulin  without  the  benefit  of  being  immobilized. 


FIGURE  1 

The  molecular  transportation  assembly 
consists  of  three  distinct  layers.  The 
core  is  a  ceramic  solid  that  provides  a 
crystalline  high  surface  energy  nidus 
for  the  subsequent  self-a.ssembly  of  a 
glassy  layer  of  carbohydrates  that  then 
act  as  molecular  stabilizers  for  the 
adsorbed  biochemically  active  layer. 
Shown  in  the  example  is  the 
composition  of  an  HIV  decoy 
(vaccine)  fabricated  from  a  ceramic 
diamond  core,  cellobiose,  and  HIV 
envelope  antigenic  proteins. 


CONCLUSION  AND  SUMMARY 

Self-assembly  is  a  natural  process  that  serves  as  the  basis  for  mo.st  forms  of  life.  In  natural 
self-assembly  systems,  small  changes  in  molecular  conformation  are  necessary,  as  exemplilied 
by  the  changes  observed  during  successful  antibody-antigen  interactions.'*  More  substantial 
conformational  alterations  induced  by  .surface  immobilization  in  synthetic  systems  can  be 
controlled  by  applying  another  natural  principle  --  di.saccharide  induced  molecular  stabiliz.ation. 

One  biotechnological  application  of  the  above  coasisis  of  surface  modified  nanocry, stallinc 
ceramics  as  an  enabling  platform  for  the  safe  delivery  of  a  wide  range  of  biochemically  active 
molecules.  The  interdi.sciplinary  approach  we  have  taken,  combining  materials  science,  surface 
chemi.stry,  and  biology,  has  yielded  a  promising  technology  that  may  define  principles  aseful  in 
a  broad  range  of  human  endeavors. 
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FREQUENCY-DEPENDENT  SECOND  HARMONIC  GENERATION  IN  ACENTRIC 
CHROMOPHORIC  SELF-ASSEMBLED  NLO  MATERIALS 
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ABSTRACT 

An  attractive  and  challenging  approach  to  the  construction  of  robust,  thin  film  materials 
with  large  second-order  optical  nonlineariiies  is  the  covalent  self-as.scmhly  of  aligned  arrays  ol 
high-P  molecular  chromophores  into  multilayer  superlatlices.  In  this  paper,  we  describe  the 
dispersion  of  second  harmonic  generation  (SHG)  in  a  self-assembled  (SA)  monolayer 
containing  a  stilbazolium  chromophore.  The  frequency-dependent  measurements  were 
perUtrmed  on  25  A  thick  monolayers  on  glass  using  a  tunable  (0.4-2  ftm)  light  source  based  on 
optical  parametric  amplification  (OPA)  The  .SHG  .spectrum  contains  a  clear  two-photon 
resonance  at  hO)-  1.3cV.  The  maximum  in  the  .second-order  .su.sccptibility  coincides  with  a 
low  energy  chromophore-ceniercd  charge-transfer  excitation  at  480  nm.  The  experimental  SHG 
dispersion  values  compare  favorably  with  theoretical  results  computed  using  a  sum-over-states 
(SOS)  formalism.  However,  the  measured  values  exhibit  a  somewhat  broader  band  response 
than  the  theoretical  curve,  and  the  origin  of  this  behavior  is  di.scu.s.scd. 

INTRODUCTION 

.A  new  approach  to  the  construction  of  .second-order  nonlinear  optical  (NLO)  materials  was 
recently  reponed  from  our  laboratory  (Scheme  I).*  This  method  involves  the  covalent  .self- 
a.s.sembly  of  intrinsically  acentric  multilayers  of  high-p  chromophores  on  inorganic  oxide 
substrates.  Such  robust  thin  Him  superlatlices  exhibit  high  second  harmonic  generation  (SHG) 
efficiencies  with  x  values  for  25  A  thick  monolayers  of  5-7  x  10'^  c.su  at  fitu  =  1.17  eV. 
This  level  of  respon.se  is  higher  than  in  conventional  inorganic  oxides  such  as  LiNbOr  and  is 
comparable  to  the  mo.st  efficient  poled  polymers  and  acentric  Langmuir-Blodgett  films. 2.^  In 
addition,  the  self-assembled  thin  film.s'*  arc  thermodynamically  equilibrated  systems  which  do 
not  require  an  external  aligning  electric  field  to  establish  an  acentric  environment.  This 
repre.sents  a  major  advance  over  poled  NLO  polymers  where  inducing  and  completely 
stabilizing  net  chromophore  alignment  remains  a  daunting  challenge.^A  in  this  contribution,  we 
provide  detailed  information  on  the  frequency-dependent  second-order  optical  nonlinearity  of  a 
stilbazolium  monolayer,  focusing  on  the  origin  of  the  broader  experimental  width  of  the 
nonlinear  spectra  as  compared  with  the  theoretical  prediction. 
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Scheme  I 


Construccion  of  Sell -Assembled  Thin  Films. 

Tho  prix-cdure  for  the  present  molecular  self-assembly  priKcss  (Scheme  1)  has  been 
reported  in  detail  elsewhere.  •  In  summary,  clean  glass  substrates  are  immersed  in  a  toluene 
solution  of  l-chloromethyl-4-(2-trichlorosilylethyl)bcn7,enc  (coupling  agent)  at  room 
lemperalurc  for  36  h.  and  the  re.sulting  monolayers  are  air-cured  at  1 1.3  “C  for  30  minutes. 
Chromophorc  deposition  is  carried  out  by  immersion  of  the.se  functionalized  substrates  in 
toluene  at  UK)  C  for  72  hours.  Evolution  of  the  surface  .structures  i.s  monitored  by  contact  angle 
measurements  which  repeat  in  the  .sequence;  original  gla.ss  surface.  15'  :  coupling  agent 
monolayer.  74  •.  chromophoric  monolayer.  46';  and  are  in  accord  with  expected  surface 
wettabilities;  by  XPS  -  the  original  .signal  at  205  eV  for  CIsp  (bcnzylic  chlorine)  of  the  coupling 
agent  shifts  to  2()3  eV  (chloride)  and  a  signal  at  4(K)  cV  for  Nis  appears  upon  quaternization.  by 
UV-Vis  spectroscopy  which  reveals  large  shifts  in  upon  quaternization  (from  390  to  490 
nm);  by  polarized  second  harmonic  generation  (vide  infra),  and  al.so  by  grazing  angle  X-ray 
retlectivity.  These  films  arc  in.soluble  in  common  organic  solvents  and  most  acids,  and  can  only 
be  removed  by  etching  with  HF  solution  or  by  diamond  polishing. 

RESULTS  AND  DISCUSSION 

Sample  orenaration 

Stilhazolium-ba.scd  self-as.sembled  monolayers  were  as.sembled  on  both  sides  of  a  fu.sed 
silica  slide,  and  the  film  was  sub.sequcntly  removed  from  one  side  with  a  20^  HF  solution  to 
avoid  interference  effects  in  the  dispersion  measurement.  Figure  1  shows  the  angular-dependent 
SHG  signal  for  the  .sample  before  and  after  removal  of  the  monolayer  from  one  side.  The  x 
value  at  1064  nm  of  5  x  UH  esu  remains  unchanged  after  the  etching  treatment,  as  evident  from 
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ihe  4  told  decrease  of  the  SHG.  The  chromophore  tilt  angle  from  the  surface  normal  wa; 
determined  by  fining  the  angular  dependent  SHG  signal  envelope  to  eq  ( 1 As  expected,  the 


PIT  '  a  cut  Y  Ilf 

x:,l 

tilt  angle  1/  =  42  ±  2  remains  unchanged  before  and  after  removing  the  film  from  one  side  of 
the  substrate.  The  chromophore  number  den.sity.  Ns,  on  the  surface  is  computed  h>  ihc  use  of 
eq  (2)'^  where  ^,j/  i-''  >l>c  calculated  magnitude  (9.4  x  10  '“  esu)  of  the  hyperpolan/at-c  . 

= '’V,(tos'^)i3_  (2, 

component  along  the  chromophore  long  axis  (which  is  comparable  to  the  estimated 
experimental  value^  8.3  x  lO  "*^ esu)  yielding  =  3xl()'^  molcculcs/cm-. 


Incident  Angle  (Degrees) 


FIGURE  1 ,  SHG  intensity  (I  a.s  a  function  of  fundamental  beam  incident  angle  of  a 
glass  slide  having  a  self-assembled  slilbazolium  monolayer  on  either  side 
(full  circles)  and  after  etching  one  side  with  2091  HF  .solution  (open  circlesl. 

The  experimental  data  are  fitted  to  cq.  2  (full  lines).  As  a  guide  to  the  eye. 
the  data  from  the  double  sided  sample  are  connected  with  a  dotted  line. 

Freuuencv-dependent  2r'^*,ineasurcments 

An  Optical  Parametric  Amplifier  (OPA),  the  construction  and  operation  of  which  is 
described  elsewhere,'*^  was  u.scd  to  provide  a  tunable  light  .source.  SHG  measurements  on  the 
.self-a.s.sembled  films  were  performed  over  the  fundamental  range  8(X)-16()()  nm.  In  Ihc.sc  films, 
the  ratio  was  found  to  be  2.7,  resulting  in  maximum  SH  intensities  for  incident  angles 


near  60  .  Data  were  collected  at  this  angle,  x  lor  the  sclf-asscmhled  I'ilm.s  was  obtained  by 
using  measured  values  for  the  linear  absorption  a.  calculating  quart/  coherence  lengths.  /; .  tfom 
rcifaclive  index  data,  and  using  the  liieralua-  xl/l'irK- 
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SHG  Photon  Energy  (eV) 


FIGL’RE  2.  SHG  photon  energy  dependence  of  x'"’  lor  a  self-assembled  film  derived  Irvim 
siilba/olium  chromophore  (SHG  uncertainties  <6‘-/f )  and  the  linear  absorption 
spectrum  (Xmax  =  ''tnh 

As  seen  in  Figure  2,  the  output  .signal  of  the  second-order  response  (2(o)  closely  follow  s 
the  linear  absorption  spectrum,  with  the  film  Xman  ~  nm  (2to  =  2  6  eV)  corre.spunding  to  the 
resonant  x'^’max  =  9  x  10'^  esu.  an  exceptionally  large  value  for  organic  ihin  films'.  The  off- 
resonance  values  (~  10’^  esu)  may  also  prove  u.seful  for  device  applications. 

Theoretical  considerations 

The  frequency-dependent  second-order  nonlinear  su.sceptibility  spectrum  rc.semblcs  the 
linear  absorption  band.  The  deviation  from  an  identical  line  shape  is  due  to  the  different 
dispersive  nature  of  the  real  and  imaginary  part  of  the  su.sceptibility.  the  presence  of 
nonrc.sonant  background,  and  multiphoton  ab.sorption  bands.  For  SHG  this  can  be  expressed  by 
cq  (3)*-^  where  ti)L  is  the  la.ser  fundamental  frequency  and  0)j  and  Fj  are  the  center  and  the  width 
at  half  height  of  the  j-th  band.  Aj  contains  induced  dipole  moment  and  o.scillator  strength  terms. 

-2cu;<B,tu)oc  £ - ^ -  (3) 

j  (2an-0}j  +  irjX0)i-C0j  +  irj) 
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In  our  invesligation,  ihe  origin  of  the  P  dispersion  was  investigaied  using  a  reliable  sum-over 
stales  formalism  lor  ealeulaiing  the  elements  of  the  chromophore  hyperpolati/abiliiy  tensor  as  a 
funeiiv'n  of  fundamental  freviueney**'*'*  to  aid  in  interpretation,  we  can  use  the  approximate  two 
level  form:  ei)  (4).  and  relating  the  absolute  values  of  P  to  x'*'  by  eq.  (2). 


/fi-2fti;fu,fu)  =  ^;j- 


h(0  f  Au 
gf  S'' 


hb)  —  t/irur  I  o  Aw  i  -  |2/ifyr 


i4, 


The  sum-over-siales  expansion  indicates  that  a  single  chromophi>re  centered  charge-iranslei 
exeiiatum  (Scheme  U)  along  the  dipole  moment  direction,  from  the  stilha/olium  highest 
viecupied  molecular  orbital  tliOMO)  to  lowest  unoccupied  molecular  orbital  (Ll^MO,  A  = 
4' 2  nm),  dominates  the  response.  The  a,s,s(Kiaicd  oscillator  strength  is  substantial  ij  =  1.121 


Scheme  II 


w  ith  a  pronounced  dipole  moment  change  (Apj,  =  17  D),  The  functional  form  of  the  curves  can 
he  further  investigated  using  the  two-level  model, where  the  response  is  assumed  to 
onginatc  from  one  excited  state  (e)  in  the  perturbative  expansion  of  p.  The  nonresonant 
background,  x'^’nr  c^mlaining  the  contribution  from  all  stales  far  from  resonance,  is  neglected 
here  However,  the  resonant  part,  X'^'r-  "'iH  contribute  a  real  and  an  imaginary  pan  to  x' The 
imaginary  part  will  maximize  at  the  resonance  frequency,  where  the  real  part  goes  through  a 
.sign  change. 

The  respon.se  (P(-2(i);co,a)))  is  described  by  eq,  (4),  where /g^  is  the  oscillator  strength. 
AcOg,  is  the  energy  of  the  charge-transfer  optical  excitation  between  the  ground  stale  (g)  and  the 
excited  state  (e),  and  the  is  the  difference  in  dipole  moment  between  the  two  states.  This 
formula  predicts  a  pair  of  resonances  for  each  input  frequency  to;  one  at  the  fundamental 
frequency  (Aw)  and  the  other  at  twice  the  incident  frequency  (2Aa)).  The  two-photon  resonance 
is  the  origin  of  the  1.3  eV  (960  nm)  feature  in  Figure  3.  The  relationship  also  predicus  anti¬ 
resonant  behavior  at  O)  and  2a);  however,  in  this  experiment  the  sign  (phase)  of  x'^’  is  not 
measured. 
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Fundamental  Photon  Energy  (eV) 

f  /Gl  RK  Expt'rimenial  and  ihct'rctical  lundamental  photon  energy  depcndcnee  ol 
X'-'  lor  a  selt-asscmblcd  film  derived  from  siilba/olium  ehromophore 
(SHG  uneenainties  <6‘'5 ). 

Agreement  between  the  experimental  x'-'  profile  and  the  eomputed  response  is  qiiiie 
good.  However,  the  experimental  results  exhibit  a  somewhat  broader  x‘-'  respon.se  with  a 
shoulder  at  l.Ob  cV,  compared  with  a  narrower  bandwidth  and  an  inl'inite  maximum  ioi  the 
theoretical  response.  This  mismatch  is  partly  due  to  the  neglect  of  the  complex  nature  of  P  near 
resonance.  Here  the  damping  term  (iPj-y)  in  the  imaginary  pari  ((Oeji  +  is  necessarily 
ncgicctcd  because  of  ihe  complexity  in  predicting  its  value  theoretically. 

CONCLUSIONS 

An  OPA  and  accompanying  instrumentation  for  the  highly  expedient  mea.surement  of 
the  frequency-dependence  of  x'’'  in  thin  film  materials  has  been  demonstrated.  This  technique 
has  been  applied  lo  chromophoric  self-a,s.sembled  stilbazolium-chromophore  films  and  the 
results  indicate  that  x'^’  resonance  enhancement  is  operative  in  these  structures.  However,  the 
high  off-resonance  values  of  x‘^'  are  encouraging  for  exploring  the  use  of  these  materials  in 
waveguide  applications.  The  two-level  model  predicts  the  observed  trends  in  the  dispersion.  A 
further  improvement  of  the  model  by  introducing  the  parameters  to  account  for  the  width  of  the 
dispersion  curve  is  underway.  Experiments  involving  device  applications  are  also  in  progress, 
as  well  as  extension  of  the  OPA  instrumentation  to  include  broader  frequency  ranges  and  SHG 
pha,se  information. 
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ABSTRACT 

We  studied  the  optical  properties  of  silicon  naiKKrystals  incorporated  into  colloidal  and  sol- 
gel  matrices.  The  silicon  nanocrystals  are  produced  by  ultrasonic  dispersion  of  porous  silicon 
layers.  We  report  results  on  the  dependence  of  the  photoluminescence  (PL)  spectra  with  excitation 
intensity.  The  PL  shows  a  blue  peak  (at  -  415-460  nm)  and  a  red  peak  (at  -  680  nm).  This  PL 
spectrum  shows  a  remarkable  dependence  on  the  excitation  intensity.  As  the  intensity  is  increased, 
the  blue  peak  grows  at  the  expense  of  the  red.  A  model  is  suggested  for  this  behavior.  We  also 
report  on  the  excitation  intensity  dependence  and  the  emission  wavelength  dependence  of  the  PL 
decay  at  low  (1  kHz)  and  high  (82  MHz)  repetition  rates  of  optical  excitation.  When  low  repetition 
rate  excitation  is  us^  the  PL  decay  times  are  ail  exponential,  short  (ns),  and  appear  to  vary  little 
with  emission  wavelength.  This  sharply  contrasts  with  what  is  observed  in  porous  silicon.  With 
high  repetition  rate  excitation,  both  red  and  blue  peaks  show  long  (lOO’s  ns)  and  short  (ps-ns) 
lifetime  components.  We  contrast  the  different  optical  properties  of  these  silicon  nanocrystals  with 
that  observed  in  porous  silicon. 


INTRODUCTION 

The  discovery  by  Canham  in  1990  that  porous  silicon  (PS)  efRciently  emits  visible  light  [1] 
has  initiated  intense  worldwide  research  into  the  mechanism  for  the  light  emission.  Numerous 
models  for  the  luminescence  mechanism  has  been  proposed  and  has  been  described  in  various 
review  articles  [2].  Many  of  these  models  have  been  refuted  in  some  form  or  another.  Though  a 
complete  understanding  of  the  mechanism  for  efficient  light  emission  Grom  PS  is  still  lacking,  the 
consensus  has  leaned  strongly  toward  quantum  confinement  as  being  at  least  partly  responsible. 
The  important  role  of  surface  states  as  recombination  centers  in  the  luminescence  process  has  also 
been  proposed  [3].  To  investigate  the  mechanism  and  to  understand  how  quantum  confinement, 
surface  states,  etc.  may  affect  the  luminescence  of  PS,  we  studied  monodispersed  and  aggregated 
Si  nanocrystals  incorporated  into  colloidal  and  sol-gel  matrices  as  simpler  systems  that  are  easier  to 
characterize.  These  Si  nanocrystals  also  offer  an  interesting  light  emitting  system  for  study  and 
provide  new  and  different  options  for  Si-based  optoelectronics  and  photonics. 

We  performed  various  optical  studies  on  the  dynamics  and  spectroscopy  of  these 
nanoc^stalline  Si  systems,  which  include:  the  dependence  on  emission  wavelength  and  excitation 
intensity  of  the  time-resolved  PL  decay,  and  the  dependence  on  excitation  intensity  of  the  PL 
spectra.  Many  of  our  results  differ  from  diat  observed  in  poro  r:  Si  and  in  other  nanocrystalline  Si 
systems.  We  also  observe  for  the  first  time,  an  interesting  dependence  of  the  PL  spectra  with 
excitation  intensity.  Our  results  ate  discussed  in  terms  of  the  insights  they  offer  into  the  light 
emitting  fnrocess.  Finally,  we  point  out  the  usefulness  of  using  different  excitation  repetition  rates 
in  studying  systems  such  as  these  where  there  is  a  broad  distribution  of  lifetimes. 
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These  nanocrystals  were  made  from  PS  and  the  synthetic  procedure  is  described  in  detail 
elsewhere  [4].  The  nanocrystals  were  incorporated  into  various  organic  solvents  as  colloidal 
suspensions  and  into  TEOS  sol-gci  matrices.  The  procedure  for  this  incorporation  is  also 
described  in  detail  elsewhere  [4,51.  Optical  excitation  was  provided  by  several  sources:  (1)  the 
-100  6s,  82  MHz  output  from  a  selif-mt^locked  Ti:sapphire  laser  was  frequency-doubled  with  an 
appropriate  KDP  crystal  to  give  output  varying  from  355-400  nm,  (2)  the  -150  fs,  1  kHz  output 
ftom  a  Ti:sapphire  regenerative  amplifier  was  frequency-doubled  to  give  400  nm  output,  and  (3)  a 
Xe  arc  lamp.  A  photomultiplier  tube  (1.5  ns  resolution)  and  a  synchroscan  streak  camera  (5  ps 
resolution)  were  used  to  detect  the  PL  decay.  The  spe^a  were  recorded  with  a  0.25  m  or  0.5 
monochromator  and  an  intensified  optical  multichannel  analyzer.  All  spectra  were  calibrated  and 
corrected  with  NIST-traceable  spectral  calibration  lamps. 


RESULTS  AND  DISCUSSIONS 

Except  for  where  noted,  the  results  we  obtained  in  colloidal  and  sol-gel  matrices  were 
qualitatively  similar.  Therefore,  we  will  discuss  the  results  in  general  terms  and  address  paiticular 
matrices  only  where  appropriate.  The  fact  that  we  see  similar  optical  properties  in  these  different 
matrices  indicates  that  their  physics  depend  on  the  inherent  properties  of  the  Si  nanocrystals.  The 
nanocrystals  do  not  interact  strongly  with  these  hosts. 

We  began  by  studying  the  optical  properties  of  the  PS  from  which  the  Si  nanocrystals  were 
made.  We  found  the  PL  lifetimes,  variation  of  lifetimes  with  emission  wavelength,  and  emission 
spectra  of  the  starting  porous  silicon  samples  to  be  consistent  with  what  is  generally  observed  for 
porous  silicon.  In  particular,  the  decays  are  nonexponential  in  the  microsecond  regime,  the  red 
luminescence  dominates  the  blue  (if  any),  and  the  lifetime  decreases  monotonically  with  higher 
emission  energy. 

Detailed  discussions  of  the  synthesis  and  physical  characterization  of  the  Si  nanocrystals 
are  given  elsewhere  in  this  volume  [4].  We  briefly  discuss  a  few  pertinent  results.  High 
Resolution  Transmission  Electron  Microscopy  (HRTEM)  in  Ref.  [4]  shows  both  aggregates  of  and 
monodispersed  crystalline  particles.  Cluster  sizes  range  from  7  to  40  nm.  Individual  nanocrystals 
range  in  size  from  2-10  nm.  It  is  difficult  to  determine  whether  these  nanocrystals  exist  as 
aggregates  in  the  solvent  or  whether  they  aggregate  when  prepared  for  TEM  analysis.  It  is  likely 
that  they  exist  both  in  monodispersed  and  aggregated  form  in  the  matrix.  HRTEM  also  show  a 
thin  amorphous  shell  surrounding  the  nanocrystals.  In  addition,  the  IR  spectra  show  peaks 
corresponding  to  various  Si-O  bond  vibrations  and  an  absence  of  Si-H  vibrations.  This  indicates 
that  the  hydrogen  passivation  has  been  replaced  by  oxygen  passivation.  It  has  been  shown  that 
oxygen  passivation  can  lead  to  efficient  li^t  emission  as  well  as  with  hydrogen.  The  observation 
of  C-H  stretches  in  the  IR  spectra  points  to  the  presence  alkyl  groups.  This  is  discussed  in  greater 
detail  in  Ref  [4],  Thus,  the  picture  that  emerges  of  the  nanocrystals  is  one  where  there  is  an  inner 
silicon  crystalline  core  covered  with  a  layer  of  SiOx,  and  possibly  alkyl  groups  attached  to  the  outer 
oxide  layer. 

Typical  photoluminescence  spectra  of  Si  nanocrystals  in  a  colloidal  and  in  a  sol-gel  matrix 
taken  wifo  low  excitation  intensity  are  shown  in  figure  1.  Our  spectra  differs  from  that  observed  in 
PS  and  other  Si  colloids  [6]  in  t^t  our  PL  spectra  show  predominantly  a  strong  and  broad  blue 
emission  peaked  near  415-460  nm,  along  with  a  weaker  red  luminescence  peak  near  680  nm.  The 
red  peak  is  similar  to  that  observed  in  PS.  The  large  Stokes  shift  for  the  red  peak  suggests  that  the 
emission  originates  from  highly  relaxed  carriers.  On  the  other  hand,  the  blue  emission  may  result 
from  nonthermal  carriers  or  from  bandedge  recombination.  We  will  later  present  evidence  that  the 
blue  and  red  peaks  arise  from  different  processes  and  species. 

The  blue  peak  in  figure  1  resembles  the  blue  p^  observed  at  early  times  in  time-resolved 
PL  studies  on  as-prepared  PS  and  PS  oxidized  to  varying  degrees[7].  In  those  studies,  the  as- 
prepared  PS  emission  spectrum  shows  a  blue  peak  at  460  nm  at  early  times  (-10  ns),  which 
evolves  to  a  red  peak  at  680  nm  at  longer  times  (-100  ns).  If  the  oxidation  level  of  the  PS  is 
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increased,  the  red  peak  diminishes,  until,  at  high  oxidation  levels,  only  the  blue  peak  is  observed. 
The  weaker  red  peak  in  our  studies  also  resembles  the  red  peak  observ^  in  these  studies.  With 
intermediate  levels  of  oxidation,  Ref.  [7]  observes  both  blue  and  red  peaks  coexisting  at  long 
times.  This  is  similar  to  our  spectra  taken  at  low  excitation  intensities  and  suggests  that  our  Si 
nanocrystals  have  a  similar  level  of  oxidation.  This  may  be  the  result  of  limited  ambient  exposure 
of  our  samples  and  perhaps  extensive  ultrasonication  treatment 

Figure  2  shows  the  dependence  of  the  photoluminescence  decay  on  the  emission 
wavelengdt  for  the  case  of  an  acetonitrile  colloid.  Low  repetition  rate  excitation  (1  kHz,  inter-pulse 
period  =  1  ms)  with  400  nm,  -ISO  fe  laser  pulses  was  used.  Similar  results  are  obtained  in  the 
sol-gel.  The  PL  decays  are  exponential  and  neatly  identical  for  all  emission  wavelengths.  The 
decay  times  vary  from  4.2-5. 1  ns  after  deconvolution.  This  result  is  contrary  to  what  is  observed 
in  PS  and  in  other  nanocrystalline  Si  systems.  There,  nonexponential  PL  decays  are  observed  and 
the  lifetimes  of  the  red  emission  are  microseconds  and  increases  at  longer  wavelengths.  We  also 
varied  the  excitation  intensity  by  a  factor  of  63  to  study  the  effect  on  the  emission  decay  and  to 
assess  the  contribution  from  nonlinear  processes  such  as  bi-molecular  kinetics  or  Auger-type 
processes.  We  found  that  the  excitation  intensity  has  little  effect  on  the  functional  form  of  the 
decay  at  tong  times  where  the  influence  of  the  impulse  response  function  of  the  photomultiplier  is 
absent.  This  suggests  that  carrier  density  does  not  affect  the  PL  decay.  It  is  difficult,  however,  to 
draw  conclusions  near  t  =  0  due  to  the  width  of  the  impulse  response  function  of  the  detection 
system  (-1.5  ns). 


Figure  1 .  Photoluminescence  spectra  of  Si 
nanocrystals  in  an  acetonitrile  colloid  and  in 
TEOS  sol-gel  matrix.  The  sharp  peak  at  710 
nm  is  due  to  laser  light. 


Figure  2.  Dependence  of  photoluminescence 
decay  on  emission  wavelength  of  Si 
nanocrystals  in  acetonitrile  colloid  .  Low 
repetition  rate  excitation  (1  kHz)  was  used. 


If  we  repeat  the  experiment  at  a  higher  repetition  rate  (82  MHz,  inter-pulse  period  -  12  ns), 
different  results  are  observed.  The  data  is  shown  in  ffgure  3  and  was  taken  with  a  synchroscan 
streak  camera  (resolution  -5  ps).  We  point  out  that  excitations  with  lifetimes  greater  tlm  the  inter¬ 
pulse  period  are  manifested  as  non-zero  baselines,  which  are  observable  at  t  <  0.  The  longer  the 
lifetime,  the  higher  the  baseline.  Processes  with  lifetimes  shorter  than  the  inter-pulse  period  will 
appear  essentially  unaltered.  By  varying  the  inter-pulse  period,  different  dynamics  within  the 
distribution  of  lifetimes  can  be  studied.  This  is  useful  in  studying  systems  where  a  broad 
distribution  of  relaxation  times  exist.  Fi^e  3  clearly  shows  nonzero  baselines  indicating  long- 
lived  contributions  to  the  os  PL  decays  observed  in  figure  2.  The  long-lived  component  may  not 
be  observable  in  figure  2  because  of  its  small  contribution  and  the  lower  repetition  rate  used.  The 
long-lived  component  comprises  only  a  small  fraction  of  the  decay  and  can  be  seen  in  frgure  3 
because  of  the  accumulation  effect  possible  with  higher  repetition  rates.  The  long-lived 
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compoaeots  behave  the  same  within  two  spectral  regions  ranging  from  4S0-S50  nm  and  from  600- 
700  nm.  These  two  regions  coincide  with  the  spectral  regions  for  the  blue  and  red  PL  peaks  in 
figure  1.  For  the  blue  emission  peak,  the  baselines  are  small  and  identical,  indicating  the  same 
long-lived  component.  In  contrast,  the  decays  for  the  red  emission  peak  have  substantial  baselines 
that  increase  with  longer  emission  wavelengths.  This  indicates  the  contribution  of  very  long-lived 
components  with  lifetimes  that  increase  with  longer  emission  wavelengths.  It  is  conceivable  that 
this  corresponds  to  the  microsecond-decaying  red  component  observed  in  PS  and  other  Si 
nanocrystalline  systems. 


0.0  0.5  t.O  1.5  0.0  0.5  I.O  1.5 

Time  (ns)  Time  (ns) 


Figure  3.  Dependence  of  the  photoluminescence  decay  on  emission  wavelength  for  an  acetonitnle 
colloid.  High  repetition  rate  excitation  (82  MHz)  was  used 

Analysis  of  the  data  in  figure  3  shows  that  the  fast  component  of  the  decays  can  be  fit  to  a 
variety  of  functional  forms  including  exponential,  bi-exponential,  and  stretched  exponential.  The 
ambiguity  arises  because  of  the  short  time  scan  and  the  signal-to-noise  ratio.  If  bi-exponential 
decays  are  assumed,  the  fast  components  have  time  constants  ranging  from  120-290  p$  and  1-2  ns, 
except  for  the  decay  at  450  nm.  There,  a  bi-exponential  fit  gives  730  ps  and  1.1  ns. 

The  data  in  figure  3  suggest  that  the  blue  and  red  emission  originate  ri-om  different 
processes.  Our  data  show  that  the  lifetimes  within  the  blue  peak  change  little  with  emission 
wavelength.  This  result  would  argue  against  quantum  confinement  being  directly  responsible  for 
the  blue  emission.  It  has  been  suggested  that  this  behavior  is  what  would  be  expected  from 
molecular  species  or  extremely  small  inclusions  of  Si  in  an  oxide  matrix  [7].  In  contrast,  the  long 
lifetime  component  of  the  red  emission  increases  as  the  emission  wavelen^  increases.  This  can 
be  interpreted  within  a  variety  of  models  such  as  quantum  confinement,  dispersive  radiative 
tunneling  between  distributions  of  localized  states,  or  recombination  limited  by  carrier  transport 

It  is  evident  that  our  PL  decay  data  is  different  than  what  is  typically  observed  in  PS  and 
other  nanocrystalline  Si  systems.  Our  data  show  that  the  predominance  of  the  PL  decay  is 
exponential,  occuts  in  ns,  and  is  similar  for  all  visible  wavelengths.  Long-lifetime  components  are 
present,  but  their  contribution  is  small  and  discernible  only  with  high  repetition  rates.  It  has  been 
suggested  that  the  microsecond  lifetimes  observed  in  PS  and  its  increase  with  emission  wavelength 
arise  from  nonradiative  processes  [8].  This  involves  the  tunneling  of  carriers  from  confined  zones 
toward  more  extended  and  less  passivated  regions  where  nonra^ative  recombination  can  occur. 
This  model  correctly  predicts  the  PL  lifetime  variation  with  emission  wavelength  in  PS.  Though 
we  observe  long  lifetime  components  that  have  similar  waveleiufh  dependencies,  their  contribution 
is  small.  This  may  be  the  result  of  the  limited  spatial  extent  of  3ur  nanociystalline  system,  which 
fundamentally  differentiates  it  from  PS.  As  suggested  by  the  HRTEM,  the  Si  nanocrystals  are 
either  monodispersed  or  aggregated  into  small  clusters  of  nanocrystals.  As  a  result,  turmeling  into 
more  extended  and  less  passivated  regions  is  limited.  Most  of  the  recombination  occurs  within  a 
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single  nanocrystaJ.  Our  observation  of  similar  ns  PL  decays  throughout  the  visible  suggests  that 
the  recombination  within  the  nanocrystal  core  may  be  via  localized  states  in  which  transport  of 
carriers  is  the  limiting  p'ocess. 

Figure  4  shows  the  dependence  of  the  PL  spectra  with  the  excitation  intensity,  where  we 
have  normalized  the  spectra  to  the  height  of  the  blue  peak.  The  excitation  consisted  of  400  nm 
-150  £s  pulses.  The  range  of  excitation  intensities  extends  from  <1  mW/cm^  continuous  wave  to 
-319  MW/cm^  peak  intensity.  A  definite  change  in  the  spectra  is  seen.  Increasing  the  excitation 
intensity  increases  the  proportion  of  the  blue  peak  at  the  expense  of  the  red  peak.  TUs  effect  is  not 
permanent  and  is  reversible.  There  is  no  discernible  in  peak  positions,  as  would  be  expected 
from  a  radiative  tunneling  mechanism  between  localized  states.  The  spectral  changes  only  involve 
the  red  and  blue  peaks.  There  is  no  smooth  spectral  transition  that  would  involve,  for  example,  a 
green  peak.  The  red  peak  coincides  with  what  is  widely  reported  for  the  luminescence  from  K. 
Figure  4  demonstrates  that  the  states  responsible  for  the  blue  and  red  emission  can  be  accessed 
from  each  other. 


Figure  4.  Dependence  of  PL  spectra  on  the  excitation  intensity.  The  spectra  have  been 
offset  to  allow  comparison. 

We  suggest  the  following  model  for  the  intensity-dependent  PL  spectra.  Our  data  show 
that  the  blue  transition  has  a  faster  emission  rate  than  the  red  transition.  Furthermore,  carrier 
excitations  can  transfer  between  the  states  involved  in  the  blue  and  red  emissions.  As  a  result,  the 
states  involved  in  the  blue  emission  will  behave  as  “sinks”  for  carri^  excitations.  This  is  because  a 
higher  percentage  of  excitations  reaching  the  states  involved  in  the  blue  emission  will  radiatively 
relax  than  in  the  red  emission  due  to  the  fester  blue  emission  rate.  Since  the  red  emission  has 
slower  rates,  and  since  interchange  between  states  involved  in  each  transition  can  occur,  this 
provides  a  method  to  “sink”  excitation  from  the  red  to  the  blue  emission.  Therefore,  at  high 
excitation  intensities,  the  states  involved  in  the  red  emission  will  effectively  saturate  because  of  fee 
lower  emission  rate.  Consequently,  as  fee  excitation  intensity  increase,  more  and  more  emission 
will  originate  from  the  states  involved  in  fee  blue  emission.  Within  this  model,  fee  fast  PL  decay 
observed  in  figure  3  may  possibly  be  interpreted  as  fee  transfer  time  fiom  states  responsible  for  red 
emission  and  states  responsible  for  blue  emission.  This  model  is  similar  to  the  observation  in 
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donor-acceptor  pair  recombination  processeii  in  which  the  peak  of  the  emission  shifts  to  higher 
energies  as  the  excitation  intensity  increase  [9], 

As  discussed  above,  it  has  been  su^ested  that  the  blue  luminescence  originates  from 
molecular  Si  species  since  the  PL  decays  are  exponential  and  the  luminescence  lifetimes  are  ^ort 
and  show  little  dependence  on  emission  wavelength.  It  is  also  possible  that  the  blue  emission 
arises  from  extremely  small  Si  crystallites  imbedded  in  an  oxide  host.  Small  crystallites  are 
required  to  account  for  the  ns  lifetime.  This  could  occur  during  oxidation  just  before  the  Si  is 
totally  consumed  and  transformed  into  SiOj.  This  possibility  has  also  bMn  raised  by  others 
[7,10].  In  support  of  this,  it  has  been  observed  that  only  the  blue  peak  will  persist  at  high  levels  of 
oxidation  This  possibility  is  problematic  to  verify  because  of  the  difficulty  in  detecting  small 
numbers  of  Si  atoms  in  whatever  structural  form. 

In  summary,  we  observe  red  and  blue  PL  peaks  in  Si  nanocrystals  in  colloidal  and  sol-gel 
matrices  similar  to  that  observed  in  PS  although  with  a  greater  proportion  of  the  blue  peak.  Our 
results  suggest  that  these  peaks  originate  from  different  processes  within  different  species,  and  that 
carrier  excitations  can  interchange  between  the  states  responsible  for  the  two  emissions.  Previous 
work  showed  that  the  peaks  can  dynamically  evolve  from  one  into  another.  We  show  that 
evoiution  of  the  peaks  can  occur  by  varying  the  excitation  intensity.  Our  results  also  show  that  the 
predominance  of  the  ns  PL  decay  is  exponential  at  all  emission  wavelengths,  though  there  is  a 
small  contribution  from  long-lived  components.  The  decay  of  the  blue  emission  does  not  depend 
on  the  PL  wavelength,  Uiough  a  small  and  wavelength-independent  long-lived  component  is 
present.  The  decay  of  the  red  emission  has  a  contdbution  ffom  a  wavelength-dependent  long-lived 
component  and  a  contribution  from  a  fast-decaying  component.  It  is  suggested  that  the  blue 
emission  originates  from  Si  molecules,  or  extremely  small  Si  crystallites  imbedded  in  an  oxide 
host.  Quantum  confinement  carmot  directly  account  for  the  blue  emission.  Our  results  also 
suggest  that  recombination  occurs  predominantly  within  the  nanocrystal  core  via  localized  states  in 
which  transport  of  carriers  is  the  limiting  process.  Finally,  there  is  no  evidence  for  intensity- 
dependent  decays,  indicating  that  the  PLd^amics  are  not  carrier  density  dependent. 
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ABSTRACT 

This  paper  describes  the  processing  of  rare-earth/organic  dye  composites  fabricated  \  ia  three 
different  sol-gel  routes.  In  the  first  approach,  low  hydroxyl  ormosil  matrices  were  fabricated  via 
reaction  of  a  methyl-modified  silicon  halide  with  tertiary  alcohol  and  subsequently  doped  with 
erbium  iodide  and  a  near-infrared  dye.  In  the  second  approach,  gels  were  made  from 
tetramethoxysilane  and  doped  with  erbium  complexes  and  dyes.  In  the  third  approach,  a  hybrid 
siloxane  method  was  used.  No  Er*‘  luminescence  at  1.55  mm  was  observed  in  any  of  the  three 
cases,  mainly  due  to  the  strong  absorption  of  the  matrices  centered  around  1.4  mm.  Fluorescence 
of  Er^‘  in  the  visible  was  observed  in  the  first  malrice,  but  no  dye  luminescence  was  detected.  Dye 
luminescence  was  observed  in  the  second  type  matrix,  along  with  some  reabsorption  of  the  dye 
luminescence  by  Er^‘.  In  the  third  approach,  neodymium  exhibited  optical  activity  in  the  near 
infrared,  as  well  as  the  dye. 

INTRODUCTION 

Within  the  last  few  years,  it  has  become  aj^tarent  that  the  low  processing  temperature  of  sol-gel 
is  an  important  advant^e  of  the  technique.  Innovative  hybrid  organic-inorganic  materials  may  now 
be  processed,  combining  species  within  a  solid  matrix  that  would  not  have  coexisted  with 
conventional  processing  techniques.  The  prospects  for  synthesis  of  innovative  materials  with 
unique  prtwerties  are  indeed  very  exciting.  For  example,  gels  have  been  extensively  investigated  as 
matrices  for  a  variety  of  organic  moieties  such  as  organic  laser  dyes,  saturable  absorbers, 
complexing  agents,  enzymes,  proteins,  photochromes,  molecules  with  large  optical  non-linearities, 
polymeric  chams,  etc.(  1], 

Gels  have  also  bwn  explored  as  possible  hosts  for  optically  active  inorganic  species  such  as 
lanthanides[2].  Therefore,  it  seemed  interesting  to  study  the  combination  of  both  optically  active 
organic  and  inorganic  species  within  the  same  matrix,  a  combination  which  only  the  sol-gel  process 
allows.  Such  a  mateii^  could  have  interesting  properties,  for  example  in  terms  of  energy  transfer 
between  both  species.  The  strong  absoiption  of  organic  dyes  over  a  wide  spectrum  range  could 
have  technological  advantages  as  sensitizer  of  Er^*,  which  has  a  small  absorption  cross-section  at 
near-infrared  wavelengths.  An  increase  in  Tb^*  luminescence  due  to  co-doped  Coumarin  was 
t  observed  by  Genet  et  al  in  thorium  phosphate  gels  [3]. 

!  In  this  work,  we  investigate  three  matrices  for  rare-earths  and  organic  dyes  in  terms  of 

I  luminescence  quenching  and  dye  stability.  Three  approaches  were  selected  for  matrix  processing: 

I  non-hydrolytic  ormosils,  rare-eith  complex  doped  gels,  and  mixed  siloxanes  gels. 


GEL  PREPARATIONS 
Non  hydrolytic  gels 

Non-hydrolytic  ormosils  were  processed  in  a  Schlenk  line  under  nitrogen  according  to  a 
technique  described  elsewhere  (4|.  Methyltrichiorosilane  was  reacted  with  tertiary  butanol  (Aldrich 
Chemicals!-  The  solution  was  doped  with  anhydrous  erbium  iodide  (99.99%,  Aldrich  Chemicals) 
prior  to  gelation,  as  well  as  with  IR  125  and  HITC  in  dimethyl  sulfoxide  (DMSO,  Aldrich 
Chemicals).  Gels  were  cast  in  glass  vials  and  dried  at  room  temperature  under  nitrogen. 
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Fj-complex  doped  gets 

Erbium(fod)  was  obtained  from  Aldrich.  The  matrix  material  was  processed  by  mixing 
tetiamethoxysilanef  1  mole)  with  methanol  (4).  Dimethyl  aminopyridine  (0.01  mole)  dissolved  in 
water  (4  moles)  was  added  dropwise.  The  solutions  were  doped  with  Er  complex  and  the  infrared 
dye  dissolved  in  ethanol.  The  gels  were  cast  in  glass  vials  were  dried  at  room  temperature 

Mixed  siloxanes 

A  modification  of  a  method  described  by  Koslova  et  al  |7]  was  used.  Methyldiethoxysilane 
(MDES,  Petrarch  Chemicals,  1  mole)  was  mixed  with  water  (I  mole).  Rare  earth  (Nd,Er) 
methoxyethoxides  in  methoxyethanol  were  purchased  from  Gelest  The  methoxyethoxid^  were 
refluxed  with  2^-n-propoxide  ( Fluka,  I  to  9  molar  ratio)  before  being  added  to  the  prehydrolyzed 
MDES  solution.  TTie  dyes  in  ethanol  were  added  after  the  evolution  of  H2  gas  subsided.  The 
solution  was  coated  onto  a  glass  substrate  several  times  in  order  to  obtain  Elms  of  about  100 
micrometers  thickness. 

Hire,  DTTC  and  IR  125  infrared  dyes  were  obtained  from  Exciton. 


RESULTS  AND  DISCUSSION 
Low  hvdroxvl  Ormosil^ 

The  reaction  of  tertiary  alcohols  with  silicon  halides  has  been  previously  described  (5|.  Whereas 
the  reaction  of  silicon  halides  with  primary  c  secont^  alcohols  leads  to  the  formation  of  silicon 
alkoxides,  the  case  of  tertiary  alcohols  is  somewhat  different.  The  formation  of  a  Si-O-Si  network 
follows  the  overall  reaction 

2  (CH3)SiCl3  +(CH3)3C0H— >  (CH3)SiCl20SiCl2(CH3)+HCl  +  (CH3)3CC1 

through  cleavage  of  an  O-R  bond  rather  than  the  Si-0  bond.  This  effect  stems  from  a  strong 
donor  effect  stabilizing  a  carbocation  in  t-butanol.  Our  preliminary  research  has  indicated  that  the 
reaction  proceeds  even  if  one  chlorine  is  substituted  by  a  methyl.  Non-reactive  CH3  groups 
decrease  the  possibility  of  OH  bond  formation  through  reaction  with  the  atmosphere,  increase  the 
hydrophobicity  of  the  matrix,  and  allow  the  processing  of  materials  with  tailorable  mechanical 
propeibes.  The  properties  of  the  matrix  ate  desmbed  in  greater  detail  elsewhere  [4].  The  DR  spectra 
in  the  region  of  OH  vibration  shows  a  drastically  reduced  OH  concentration  compai^  to 
conventional  materials  (Fig.l). 

Er^*  luminescence  was  observed  in  a  low-hydroxyl  CHsSiO]  ,5  around  550  nm  when  pumped  at 
488  nm  (Fig.2).  However,  no  infrared  luminescence  was  observed  with  800  nm  pumping. 

Luminescence  of  the  infrared  dye  could  not  be  observed  in  these  materials.  TTris  was  ascribed  to 
the  acidity  of  the  matrix  which  damaged  the  dye.  Attempts  to  bacldrll  the  dried  gel  with  the  dyes  in 
an  ethanol  solution  failed  because  of  the  hydrt^rtiobicity  and  pore  size  of  the  matrix. 


Figure  1-  FTIR  spectra  of  conventional 
(VinyltriethoxysiJane)  and  non-hydrolytic 
Ormosils 
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Rare-earth  complexes-doped  gets 

Europium  toiuplcxes  have  been 
reported  to  exhibit  luminescence  in  the  visible 
in  sol-gel  matrices  |6|.  This  behavior  is 
linked  to  the  shielding  effect  of  the  large 
ligands  surrounding  the  trivalent  rare-earth 
which  reader  the  4f  electrons  less  sensitive  to 
surrounding  OH  (Figure  3).  It  appeared 
interesting  to  investigate  the  optical  properties 
of  Er  complexes  in  gels.  Because  acidity  is 
detrimental  to  dye  stability,  the  gels  were 
catalyzed  with  dimethylaminopyridine.  The 
solutions  gelled  in  12  minutes.  Owing  to  the 
presence  of  DMAP,  the  infrared  dyes 
remained  stable  in  the  matrix  for  several 
weeks. 


Figure  2.  Luminescence  of  Er^*  in  a  low  hydroxyl 
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Figure  3-  Er  (fod)  complex 


Figure  4  shows  the  emission  spectrum  of  DTTC  with  a  dip  at  800  nm  ascribed  to  reabsorption  of 
the  dye  luminescence  by  the  rare-earth. 


Wavelength  (nm)  Wavelength  (nm) 

Figure  4-  Reabsorption  of  dye  luminescence  by  Er^*  at  800  nm. 
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Hyb;  id  siloxanes  have  been  shown  to  be  promising 
materials  for  rare-earth  luminescence,  in  part 
because  the  matrix  may  be  tailored  to  be 
hydrophobic  and  expel  luminescence-quenching 
water  molecules  [7],  They  also  have  the  advantage 
of  not  requiring  acid  catalysis,  to  which  near-lR 
dyes  are  greatly  sensitive.  In  zirconia-catalyzed 
siloxanes,  the  color  of  IR  dyes  remains  unchanged, 
blue-green,  indicating  a  greater  stability  in  these 
matrices  than  in  conventional  acid-catalyzed  gels. 
Figure  5  shows  the  absorption  spectrum  of  Nd^*- 
doped  ormosil  for  a  Nd^*  concentration  of  ca.  1(P’ 
Nd^’/cc.  Tlic  absorption  lines  are  broad,  which  is 
characteristic  of  a  disordered  material.  When  the 
Nd^*/HITC  dye  composite  gel  was  excited  at  800 
nm  Nd^*  luminescence  was  observed  with  the 
broad  band  luminescence  from  HITC  (Fig.6). 
However,  the  luminescence  from  HITC  decreased 
during  the  measurement  due  to  the 
photodegradation  of  the  dye  molecule. 


Figure  5-  Ab,sorption  of  Nd^'-doped  and 
HITC/Nd^^  doped  siloxanes 


Wavelength  (nm) 

Figure  6.  Luminescence  spectrum  of  Nd^*  co-doped  with  HITC.  The  broad  luminescence  is 
from  HITC. 

The  relatively  weak  luminescence  of  Nd^*  indicates  a  decrease  in  lifetime  of  the  *p3n.  state  due  to 
concentration  quenching. 
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Figure  7  -Absorption  of  the  Er^'-doped 

mixed  siloxane  matrix  in  the  near  IR, 


It  is  noteworthy  that  under  pumping  at  800  nm, 
luminescence  of  tr^*  doped  materials  was  not 
observed  at  1.55  micrometers.  During  our 
investigation  on  the  causes  of  this  behavior,  we 
measured  the  near  IR  absorption  characteristics  of 
the  gels,  and  noticed  two  absorption  peaks 
centered  at  1.19  and  1.4  mm  due  to  matrix 
absorption,  in  addition  to  peaks  at  980  nm 
and  1550  nm  (Fig. 7).  Similar  peaks  were 
observed  for  Nd^*  doped  materials  but  they  are 
sufficiently  away  from  1 .06  microns  to  not  affect 
Nd7*  luminescence.  It  is  particularly  intaesting  to 
note  that  these  peaks  wee  also  observed  in  the  case 
of  the  non-hydrolytic  gels  and  Er-complex  doped 
gels  with  even  stronger  absorption,  which  seems  to 
indicate  that  they  could  be  related  to  overtones  of 
CH3  vibrations. 


CONCI.USIONS 

Three  different  routes  were  explored  for  the  fabrication  of  rare  earth -organic  dye  composites  as 
the  host  matrices  to  investigate  optical  activities  of  rare-earth  and  organic  dye  composite  system  in 
the  near  infrared  region.  No  Er^*  luminescence  was  observed  in  all  three  cases  mainly  due  to  the 
strong  absorption  of  the  matrices  centered  around  1.4  pm. .  In  low  hydroxyl  CH3SiOi.5  Ormosils, 
the  low  OH  concentration  allowed  fluorescence  of  the  dye  in  the  visible  but  the  acidity  of  the  matrix 
was  detrimental  to  the  stability  of  the  dye.  In  erbium  complex/  IR  dye  composites,  reabsorption  of 
dye  luminescence  by  the  rare-earth  was  observed.  In  hybrid  siloxanes,  both  Nd^*  and  dye  showed 
luminescence  in  the  near  IR.  The  hybrid  siloxane  was  shown  to  be  a  promising  system  to 
investigate  the  properties  of  and  dye  in  the  near  IR. 
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ABSTRACT 


The  previously  developed  method  to  prepare  highly  dispersed  metals  in  Si02  by  sol-gel 
processing  of  metal  complexes  containing  alkoxysilyTsubstituted  ligands  was  extended  to  the 
preparation  (i)  of  bimetallic  particles  in  Si02  and  (ii)  of  highly  dispersed  metals  in  TiO^ 


INTRODUCTION 


Contrary  to  conventional  methods  for  the  preparation  of  highly  dispersed  metals  |1]  on 
oxidic  supports  (impregnation,  precipitation),  the  sol-gel  process  [21  allows  the  preparation  of 
nanosized  metal  panicles  with  narrow  particle  size  distributions  and  adjustable  metal  loadings. 
The  inherent  advantages  of  this  process  can  additionally  be  exploited,  such  as  the  tailoring  of 
the  microstructure  of  the  oxide  matrix,  or  the  preparation  of  sols  with  a  defined  rheology 
suitable  for  coatings. 

The  key  to  control  the  metal  particle  size  is  the  maximum  dispersion  of  the  metal  precur¬ 
sor  during  the  sol-gel  step.  Anchoring  of  the  metal  precursor  to  the  support  via  Si-O-M  links 
(M  =  transition  metal)  was  very  successful  in  several  cases  [3,4].  We  developed  a  more  gene¬ 
ral  method  of  anchoring  metal  complexes  to  gels,  by  using  the  readily  available  compounds 
(RO)3Si-X-A.  Instead  of  linking  the  metal  atom  to  the  silicate  network  by  an  oxo  bridge, 
organic  groups  are  used.  The  group  A  is  an  organic  function  capable  of  coordinating  to  metal 
atoms.  X  is  a  chemically  inert  spacer,  for  instance  a  (CH2)n  chain.  The  link  M-A-X-Si  is 
easily  chemically  adjusted  to  the  requirements  of  a  particular  metal  or  to  particular  reaction 
conditions. 

The  dispersed  metals  were  prepared  by  a  three-step  procedure,  as  previously  reported  [5,6] 
(Scheme  1).  In  the  first  step  a  solution  of  a  metal  salt,  a  silane  of  the  type  A(CH2)3Si(OR)3 
(A  =  NH2,  NHCH2CH2NH2,  CN,  (CH3(0)C)2CH,  etc.)  and  Si(OR)4  was  processed  by  the 
sol-gel  method.  The  functional  organic  groups  of  the  starting  silane  coordinate  to  the  metal 
ions,  and  the  resulting  metal  complexes  are  anchored  to  the  silicate  matrix  during  sol-gel 
processing.  Aggregation  of  the  metal  ions  is  thus  prevented.  By  the  M:Si  ratio  of  the  starting 
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compounds  the  later  composition  of  the  composite  is  detennincd.  In  the  second  step  the  n; 
complex-containing  gels  are  dried  and  then  heated  in  air  to  oxidize  all  organic  rT>  ''iei''*s  Due 
to  the  high  dispersion  of  the  metal  ions  in  the  first  step,  small  metal  oxide  panicles  are 
formed,  which  are  then  reduced  to  .neial  particles  having  diameters  of  a  few  nm. 


MYm  +  n  A-  (CH2)  jSi  (OR>  j  x  Si(OR;4 
+NH3,/H20  I  -  ROH 

j  YmMlA-  fCHpl  3SfOj/2]  n  '  '  SiC;, 


/  Ih  ! 

1 

MOy  •  (xm)  £i02  j 

H2/T 

•  (X. 

►  n)  Si02 

.Scheme  1 ;  Preparation  of  highly  dispersed  metals  In  SiO^  via  organo(alkoxy)sjlancs  (A  =  funciioiial 
group  to  bind  the  metal  ion;  X  =  spacer;  Y  =  counterion) 

The  metal  particle  size  mainly  depends  on  the  kind  of  metal,  the  reaction  conditions,  the 
nature  of  the  organic  anchoring  group,  and  for  some  metals  also  on  the  metal  loading  [5),  The 
obtained  metal  panicles  are  highly  dispersed  and  homogeneously  distributed  throughout  the 
Si02  matrix.  They  are  not  agglomerated,  and  their  diameters  are  very  small  and  uniform,  even 
in  the  materials  with  high  metal  loadings.  The  particle  size  distributions  are  very  narrow. 

Bimetallic  panicles  [7)  on  inorganic  supports  are  conventionally  prepared  by  the  same 
methods  as  monometallic  particles.  However,  we  do  not  know  about  any  attempts  to  prepare 
bimetallic  particles  by  the  sol-gel  method.  Several  investigations  showed  that  the  kind  of  metal 
precursors  and  the  reaction  conditions  have  a  pronounced  influence  on  the  composition  of 
bimetallic  particles.  A  close  contact  between  the  different  metals  during  all  stages  of  the 
preparation  process  generally  favours  the  formation  of  truly  bimetallic  particles. 

We  report  two  extensions  of  this  method:  the  preparation  of  bimetallic  particles  in  SiOo 
and  of  highly  dispersed  metals  in  ceramic  matrices  other  than  Si02 


RESULTS  AND  DISCUSSION 
Bimetallic  particles 

We  applied  the  (RO)3Si-X-A  method  (Scheme  1)  to  mixtures  of  two  different  metal  ions. 
The  composites  CuRu  ■  30  Si02  and  Pd2Ni(i-2)  *  15  Si02  (for  different  N'  ■  Pd  ratios)  were 


14Z 


prepared  from  the  corresponding  metal  acetates  or  acetylacetonates,  (EtO)3Si(CH2)3- 
NHCH2CH2NH2  and  Si(OEt)4  by  the  same  procedure  as  the  monometallic  composites.  Very 
small  metal  particles  with  narrow  size  distributions  were  again  obtained;  the  mean  particle 
diameter  (determined  by  TEM)  was  1.6  nm  (or  CuRu  -  30  Si02.  A  bimodal  panicle 
distribution  was  found  for  Pd^Ni^i,^)*  15  S1O2  (mean  diameters  5  nm  and  17  nm)  [8|  as  for 
monometallic  Ni-y  Si02  composites  in  an  intermediate  range  of  y  (2  -  5.5). 

Ni  and  Pd  form  solid  solutions  for  any  Ni/Pd  ratio.  Therefore,  the  particle  composition  can 
be  determined  from  the  t.c  c  lattice  constants,  obtained  by  electron  diffraction  (die  eieelmn 
probe  being  focused  on  individual  particles).  Since  the  presence  of  Ni  allows  theimomagnetic 
investigations,  the  metal  particle  composition  (from  the  Curie  temperatures)  and  the  metal 
particle  diameter  (from  the  experimental  FMR  intensity)  were  independently  determined  Both 
methixls  gave  a  sufficiently  good  agreement  for  both  size  and  composition  of  the  alloy 
particles  18| 

I'he  smaller  particles  had  about  the  nominal  composition  while  the  larger  panicles  were 
richer  in  Pd  By  simulation  of  the  FMR  powder  spectra  a  third.  Pd-rich.  composition  was 
identified  (for  PdzNi(i.^)  with  z  >  0.3)  [8).  To  balance  the  starting  composition,  there  has  to 
be  additional  nickel  in  the  bulk  of  the  material.  Since  these  nickel  species  were  neither  seen  by 
electron  diffraction  nor  by  FMR  spectroscopy,  they  must  be  nickel  silicate  species.  Incomplete 
reduction  of  the  less  noble  metal  is  not  unusual  for  bimetallic  metal  particles  on  solid  supports. 

CuNi  composites  having  the  overall  composition  Cuo  pNig  4'(x  +  n)  SiO  2  were  prepared 
as  the  PdNi  alloy  particles,  starting  from  the  metal  acetates.  5  molar  equivalents 
(F.tO)3Si(OH2)3-NHCH2CH2NH2  (n  in  Scheme  1)  and  0  to  10  molar  equivalents  of  Si(OEi)4 
(X  in  Scheme  1)  Ni  and  Cu  also  form  .solid  solutions  for  any  ratio.  The  appearance  of 
shoulders  on  the  X-ray  diffraction  peaks  of  the  composites  indicate  an  inhomogeneous  alloy 
lormaiion  and  the  presence  of  at  least  two  alloy  compositions  Satisfactory  fits  were  obtained 
by  using  two  analytical  Pearson  VII  functions  combined  with  a  least  squares  optimization 
algorithm  (d|  The  average  alloy  compositions  were  then  calculated  from  the  obtained  lattice 
constants  One  phase  was  richer  in  Ni  than  the  nominal  composition,  but  the  fraction  of  Ni 
cii, -Tiged  with  the  metal  loading.  The  composition  was  Cuq  45Nio  55  for  x  =  0,  and 
(.  u()  i5NiQ  g5  for  x  =  10  Intermediate  compositions  were  found  for  intermediate  x.  A  second 
phase  was  Cu-rich,  but  (he  fraction  of  Ni  also  increased  with  increasing  x  (Cuo  9^*0  1  fo’’  ^ 
=  0.  and  CuQ  pNio  4  for  x  =  10).  In  order  to  balance  the  starting  composition,  there  has  to 
be  additional  copper.  Since  Cu  is  more  easily  reduced  than  Ni,  we  suppose  that  ihere  were 
additional  Cu  particles  (or  Cu-rich  alloy  particles)  which  were  too  small  to  be  detected  by 
XRD 

Only  iriclinic  CuO  (tenorite)  and  cubic  NiO  (bunsenile)  were  found  as  crystalline  com¬ 
ponents  after  the  oxidation  step  by  XRD.  This  is  not  surprising  owing  to  the  low  mutual 
miscibility  of  the  oxides  The  crystallite  diameters  of  the  oxide  particles  (between  15  and  30 
nm)  were  calculated  with  .Scherer’s  formula  from  the  half-widths  of  the  X-ra>  reflections. 

To  find  out  how  the  alloy  particles  develop,  we  performed  in  situ  reduction  experiments  in 
a  high-temperature  diffractometer.  The  metal  oxide-containing  composite  was  uniformly 
distributed  on  a  Pi  foil,  and  heated  fr,  m  100  to  250°C  in  10°  steps  under  an  atmosphere  of  10 
volTf  Il2  and  90  vol'^^  N2  DiffractogramS|Were  taken  in  certain  intervals  (Figure  1). 

The  reflections  at  35  6°  and  38  8°  are  assigned  to  CuO.  the  reflections  at  37.3°  and 
43  3°  to  NiO  A  reflection  of  metallic  Cu  coincides  with  the  43.3°  reflection  of  NiO  CuNi 
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alloy  panicles  cause  reflections  between  43.3°  (100%  Cu)  and  44.6°  (100%  Ni),  depending 
on  their  composition. 


Figure  1 ,  Reduction  of  (Cuq  gNig  4)0  ■  6  Si02  by  H2  /  N2  (1 :9)  in  a  HT-XRD  experiment.  Trace  I : 
120°C,  10  min.  Trace  2:  I56°C.  iO  min.  Trace  3;  150°C.  120  min.  Trace  4;  200°C.  10  min.  Trace  5 

500°C,  120  min,  pure  H2 

CuO  was  first  reduced  upon  treatment  with  H2,  as  seen  by  the  weakening  of  the  CuO 
reflections  and  an  increase  in  intensity  of  the  43.3°  peak  starting  at  150°C  (trace  2).  NiO  was 
only  reduced  above  2(X)°C  (trace  4).  While  the  reflection  at  37.3°  disappeared,  a  shoulder  at 
43  9°  developed.  Since  no  reflection  of  pure  Ni  was  observed,  the  reduced  nickel  is  imme¬ 
diately  alloyed.  Similar  results  were  also  found  for  CuNi  particles  on  silica,  prepared  by 
impregnation  or  coprecipitation  methods  (10).  Relatively  homogeneous  alloy  particles  (average 
diameter  16  ±  5  nm)  were  only  obtained  if  the  composite  was  held  at  500°C  for  2h  in  a  pure 
H2  atmosphere  (trace  5). 

The  low  miscibility  and  the  different  reducibilities  of  the  two  metal  oxides  act  against  a 
homogeneous  alloying  of  the  two  metals.  When  the  metal  loading  is  low,  the  Cu  particles 
(which  are  formed  first)  are  more  segregated  from  each  other  and  from  the  NiO  or  Ni 
particles.  The  longer  diffusion  pathways  obviously  impede  the  effective  formation  of  an  alloy. 
This  results  in  the  format'on  of  Ni-rich  alloy  panicles  along  with  (undetected)  highly  dispersed 
Cu  (or  Cu-rich  alloy).  At  higher  temperatures  alloying  is  of  course  more  effective. 

The  results  obtained  so  far  with  bimetallic  panicles  in  SiOo  show  that  the  intimate  mixing 
of  the  two  metals  during  sol-gel  processing  is  not  sufficient  to  maintain  a  close  contact  during 
the  oxidation  and  reduction  step.  Therefore,  future  efforts  have  to  be  focussed  on  optimizing 
the  calcination  step  to  obtain  a  better  homogeneity  in  the  oxide  stage. 
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Metal  /  TiO^  Composites 


The  general  approach  for  the  preparation  of  metal/Si02  composites  shown  in  Scheme  I  is 
also  suitable  for  the  preparation  of  highly  dispersed  metals  in  other  oxide  matrices,  such  as 
AI2O3,  Ti02  or  ZiOi  Since  AI-C-.  Ti-C-  or  Zr-C  bonds  are  not  hydrolytically  stable,  the 
grouping  M-A-X-E  (E  =  Al,  Ti,  Zr  etc.)  must  have  another  chemical  composition  as  for  E  = 
Si. 

When  metal  alkoxides  are  reacted  with  carboxylic  acids  or  fl-diketones,  part  of  the 
alkoxide  groups  is  substituted  by  carboxylate  or  B-diketonate  groups.  Upon  addition  of  water 
the  remaining  alkoxy  groups  are  preferentially  hydrolyzed,  while  coordination  of  the 
carboxylate  or  fi-diketonate  group  is  retained.  We  have  previously  shown  that  functional 
carboxylic  acids  or  l!-diketones  can  also  be  used  [11).  Diamino  acids  mmed  out  to  be  particu¬ 
larly  suitable  for  the  preparation  of  metal/ceramic  composites. 


M(OAc)2  +  t!H2(CH2)  4CH(m2l  COOH  ^  x  TiiORl^ 


H2O 


-  ROH 


lAcO)2{MlNH2''CH2l,3CH('NH2.'COO)Ti03/2]n}  '  (x-n)  Ti02 


02.'' 4  50' 


IM  =  Cu) 


02/450‘’C  (M  =  Co,  Ni) 


ruO  ■  X  Ti02 


MTi03  •  ix-1)  Ti02 


H2/500°C 


M  •  X  Ti02 


Scheme  2  Preparation  of  highly  dispersed  metals  in  Ti02  from  metal  acetates  by  using  lysine  to 
coordinate  the  metal  ions  and  to  bind  the  obtained  metal  complexes  to  the  T1O2  gel 

One  oxygen  atom  of  the  carboxylate  unit  and  the  a-amino  group  chelate  the  hydrolyzable 
metal  alkoxide  moiety  (E(OR)p)  |12|,  while  the  terminal  amino  group  coordinates  to  the  metal 
ions.  With  lysine,  H2N(CH2)4CH(NH2)COOH,  well-defined  aminocarboxylate  complexes  of 
the  type  H2N(CH2)4CH(NH2)COOE(OR)p  were  obtained  upon  reaction  with  Ti(OR)4  (R  = 
Et,  Pr,  Bu),  Zr(OPr)4  or  Al(OBu)3.  The  amino  end  of  these  modified  alkoxides  reacted  with 
metal  salts  as  primary  amines  to  give  the  amminc  omplexes  {M[NH2(CH2)4CH(NH2)- 
COOE(OR)pln}"’'^  These  complexes  are  employed  as  precursors  for  sol-gel  processing, 
similar  to  the  silicon  compounds  {MlNR2(CH2)3Si(OR)3l}"’'''.  The  preparation  of  the 
metal/ceramic  composites  (Scheme  2  for  metal/Ti02)  is  basically  the  same  as  for  metal/Si02 
(.Scheme  1). 
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When  calcination  in  air  is  carried  out  at  450‘’C.  the  organic  groups  are  completely 
removed,  and  an  anatase  matrix  is  formed.  Oxidation  temperatures  higher  than  550°C  result  in 
the  appearance  of  rutile.  With  copper  as  the  transition  metal.  CuO  particles  are  formed,  as  in 
*iie  silicate  system.  Contrary  to  this,  the  titanates  MTi03  are  formed  starting  from  cobalt  or 
nickel  acetate.  Reduction  with  H2  at  500°C  results  in  highly  dispersed  metals,  independent  of 
the  composition  in  the  oxide  stage  (Scheme  2).  From  the  line  broadening  in  the  XRD  spectra, 
average  particle  diameters  of  12  nm  were  calculated  for  Co  -  6  Ti02,  9  nm  for  Ni-  6  Ti02,  and 
21  nm  for  Cu-4  Ti02. 


CONCLUSIONS 


Our  method  for  the  preparation  of  highly  dispersed  metals  on  oxidic  supports  by  using 
organic  ligands  for  coordination  of  meul  ions  and  for  anchoring  the  metal  complexes  during 
sol-gel  processing,  which  was  previously  developed  for  monometallic  particles  on  Si02, 
appears  to  be  very  general.  It  can  also  be  applied  to  control  the  metal  particle  size  distribution 
in  bimetallic  particles.  By  proper  modification  of  the  organic  spacer  group  the  metal  dispersion 
on  ceramic  materials  other  than  Si02  can  be  controlled  as  well. 
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ABSTRACT 

Sponge  ivpe  deposits  composed  of  nanometer  sized  Si  whiskers 
were  formed  on  Davisil  (porous  gel  substrates  hy  chemical  vapor 

deposition  (CVD)  using  meihy'.trichlorosilane  (MTS)  as  a  precursor  and 
H2  as  carrier  gas.  The  diameters  of  the  fine  whiskers  are  estimated  to  be 
100  nm  (tr  smaller  from  SF.M  observations.  XRD  analyses  revealed  that 
the  coatings  formed  at  800  and  90()°C  contained  microcrystalline  Si  and 
the  .Auger  analysis  indicated  the  existence  of  free  carbon.  The  surface 
area  of  the  coated  Davisil  was  approximately  189  .S  m-Zg,  as  obtained 
from  BF.T  measurements.  The  coalings  were  also  applied  on  several 
other  substrates,  such  as  .MN  and  low  surface  area  (<  224  m-/g)  silica 
gel.  with  the  same  coating  conditions.  On  these  substrates,  highly  porous 
Si  has  also  been  observed  on  .AIN  substrates,  and  nonporous,  half  sphere 
shaped  coatings  svere  observed  on  low  surface  area  silica  gel  substrates. 


INTRODLCTION 

In  recent  years  the  syntheses  and  properties  of  submicrometer 
(100  nm<diameter<  I  mm)  and  nanoscale  ( I  n7n<diameter<  1  OOnm) 
particles  have  tiroused  tremendous  interest. Both  submicrometer  and 
nanoscale  particles  find  wide  applications  in  different  areas,  such  as 
catalysis,  ceramics,  electronics,  optical  devices.  Nanophase  titania  (TiOy) 
is  a  better  catalyst  than  conventional  forms  of  titania  in  removing 

*To  whom  all  correspondance  should  be  addressed. 
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sulfur^.  Nanophase  ceramics  can  be  more  ductile  than  traditional 
ceramics  at  low  temperature • ,  and  nanophase  metals  can  be  much 
harder  than  large  grained  metals.  Polymer  composite  consisting  of 
nanosize  iron  oxide  particles  have  unusual  optical  and  magnetic 
properties.^  It  is  also  possible  to  make  quantum  dots  and  quantum 
wells  by  manipulation  of  nanoscale  materials  which  can  control  the 
movement  of  single  electrons  which  can  result  in  new  developments  in 
the  electronics  industry.**  Various  synthetic  methods  have  been 
developed  to  make  ultrafine  particles  including  physical  vapor 
deposition  (PVD),**  '*’  solution  methods  (sol-gel  process,  solvated  metal 
atom  dispersion),'' ‘  1 mechanical  milling  of  solid  phases,  and  self¬ 
assembling  methods.'** 

In  this  study,  chemical  vapor  deposition  methods  W’ere  employed 
to  deposit  ultrafine  porous  silicon  on  different  substrates.  It  has  recently 
been  discovered  that  porous  silicon  can  emit  visible  light.' ^  This  is  a 
very  important  discovery  since  it  demonstrates  that  silicon  has  the 
potential  to  be  used  as  photoelectronic  material.  .Nanostruclured 
materials  usuall)  have  very  large  surface  areas.  Ihus  porous  nanoscale 
silicon  also  has  the  potential  applications  in  photocatalysis. 

EXPERIMENTAL 

1 .  Chemical  vapor  deposition  of  Si  (or  SiC): 

The  deposition  of  Si  was  conducted  at  atmospheric  pressure  at 
temperatures  between  800°C  and  1  l()()°C.  Methyltrichlorosilane  (MTS) 
was  used  as  the  precursor  with  Hy  as  the  carrier  gas.  The  flow  rate  of  Hy 
was  varied  from  21  mL/min  to  72  mL/min  and  the  deposition  time  used 
varied  from  40  min  to  I  hour.  The  substrates  used  in  this  study  are 
Davisil  porous  silica  gel  (grade  6461,  3.4-60  mesh,  pore  sizes  are  1,4  nm. 
Aldrich  Chemical).  AIN  (lab  made)  and  low  surface  area  silica  gel  (28- 
200  mesh.  Fisher  Scientific). 

2.  Characterization: 

Scanning  electron  microscopy  (AMRAY,  1810D)  was  employed  to 
investigate  the  morphologies  of  the  coatings  and  to  estimate  the  sizes  of 
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the  particles  or  whiskers.  The  structure  and  the  crystallinity  of  the 
coatings  as  well  as  the  substrates  were  studied  by  X-ray  diffraction 
using  a  Scintag  PDS  2000  diffractometer  with  a  monochromatic  X-ray 
beam  and  scintillator.  Cu  Ka  radiation  was  used  at  a  current  of  40  inA 
and  a  voltage  of  45  kV.  X-ray  photoeleciron  spectroscopy  (XPS)  and 
Auger  electron  spectroscopy  (AES)  were  used  to  study  the  chemical 
compositions  of  the  coatings.  The  surface  areas  of  the  coated  materials 
were  measured  by  the  BET  method  using  N2  as  the  adsorbant. 


RESULTS  AND  DISCUSSION 

1 .  Deposits  on  Davisil  (porous  Si02>  gels. 

XRD  studies  indicate  that  as-received  Davisil  (SiOs)  gel  is 
amorphous,  and  remains  amorphous  even  after  being  heat  treated  at 
90()°C  in  air  for  40  min.  Several  experiments  were  designed  to  explore 
the  optimum  experimental  conditions  to  form  nanometer  sized  Si 
whiskers  on  Davisil  substrates.  In  atmospheric  pressure  CVD  reactors, 
the  major  variables  are;  deposition  temperature,  flow  rates  of  reactants 
and  the  deposition  time. 

It  was  found  that  the  reaction  temperature  was  critical  for  the 
formation  of  Si  whiskers.  A  H2  flow  rate  of  19-80  mL/min  and  a 
deposition  time  of  5-60  min  were  used  and  the  deposition  temperature 
was  varied  from  700°C  to  lOSO^C.  No  deposition  was  formed  at  700°C 
while  at  800°C  and  900®C,  Si  whiskers  were  formed  on  the  surface  of 
Davisil  gels  with  few  particles  (Fig.  la  &  lb).  The  diameters  of  whiskers 
formed  at  800°C  were  estimated  to  be  less  than  100  nm  by  the  SEM 
observation.  The  diameters  of  whiskers  formed  at  900°C,  however, 
ranged  from  100  nm  or  less  to  about  500  nm. 

At  higher  temperatures,  1000  and  1050°C,  almost  no  Si  whiskers 
were  formed  as  can  be  seen  in  the  scanning  electron  micrographs  (Fig. 
Ic). 

The  XRD  data  indicate  that  the  deposits  formed  at  800°C  and  900°C 
on  Davisil  contained  crystalline  silicon  (Fig.  2a  &  2b).  The  deposits 
formed  at  1000°C  and  1050°C,  however,  were  amorphous  as  revealed  by 
the  XRD  data  (Fig.  2c  &  2d).  The  X-ray  line  broadening  calculation 
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Fig.  1.  Scanning  electron  micrographs  of  Si  deposits  on  Davisil  at 
(a)  SOO’C,  (b)  900‘’C.  (c)  IGOO^C  and  (d)  lOSO^C. 
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Fig.  2.  X-ray  diffraction  of  (a)  Si  deposits  on  Davisil  at  SOO'C;  (b)  Si 
on  Davisil  at  900°C;  (c)  Deposits  on  Davisil  at  1000®C  and  (d) 
deposits  on  Davisil  at  lOSO’C. 
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Fig.  3.  X-ray  diffraction  of  (a)  SiC  deposits  on  AIN  at  I050®C  and  (b) 
amorphous  Si  deposits  o”  AiN  at  SOO'C. 
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Fig.  4.  XPS  detailed  scan  of  Si  2p  peak  from  Si  coated  AIN  at  800®C 
showing  the  existence  of  elemental  Si. 
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indicates  that  the  Si  wliisheiN  t'ortned  at  800  and  900^C  has  panicle  sizes 
ranged  around  120  A. 

The  fUw  rate  of  Hi  with  MTS  and  the  deposition  time  also  have  a 
direct  impact  on  the  formation  of  Si  whiskers.  It  was  found  that  at  high 
flow  rates  and  long  deposition  times,  amorphous  particulate  form  of 
deposits  are  produced. 

The  surface  area  of  as-received  Davisil  is  224  m-/g.  and  it 
decreased  to  IS.”'  m-/g  after  being  heated  in  flowing  NS  at  900''C  for  40 
min.  The  surface  area  of  whisker  Si  coated  Davisil  was  189  m-/g  which 
is  evidently  close  to  that  of  heated  Davisil.  All  the  surface  area 
measurements  were  conducted  on  the  same  BET  apparatus. 

2.  Deposits  on  other  substrates. 

In  order  to  study  the  effect  of  substrates  on  the  formation  of  Si 
whiskers,  several  different  materials  such  as  AIN  and  low  surface  area 
SiOy  gels  were  used  as  substrates.  The  coating  conditions  were  kept  the 
same  as  that  fe.  coatings  on  Davisil. 

The  deposits  formed  at  1050°C  on  AIN  substrate  contained 
microcrystallinc  p-SiC  (Fig.  3a)  which  is  evidence  by  the  split  of  peaks. 
However,  the  deposits  formed  at  800°C  on  AIN  substrates  were 
amorphous  (Fig.  3b)  since  all  the  peaks  correspond  to  AIN  with  no 
noticeable  peak  splitting.  XPS  studies  showed  the  existence  of  Si  on  the 
surface  of  coated  AIN  (Fig.  4).  The  deposits  formed  on  AIN  at  800  and 
1050°C  both  appeared  to  be  porous,  even  though  they  may  not  be  in  a 
whisker  form  (Fig.  5a  &  5b)  but  in  a  particulate  form. 

On  low  surface  area  silica  gel,  which  has  much  higher  density  than 
Davisil,  half  spherical  Si  particles  (with  approximately  3  pm  radius)  were 
formed  on  the  surface  as  shown  in  Fig.  6.  The  deposits  w'ere  amorphous. 
On  these  silica  gels,  evidence  of  whisker  or  porous  deposits  was  not 
observed. 

XRD  and  XPS  studies  suggested  that  at  lower  temperatures  (800 
-900°C)  amorphous  or  nanosized  crystalline  Si  were  formed.  However,  at 
high  temperatures  (>10()0°C)  amorphous  or  crystalline  pSiC  were 
formed.  This  is  in  accord  with  the  phase  diagram  reported  by  Veltri  et 
a). '8  which  showed  that  at  atmospheric  pressure.  Si  is  formed  at 
temperatures  below  1000°C  while  SiC  is  formed  at  higher  temperatures. 
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Fig-  5 


Scanning  electron  micrographs  of  (a)  Si  coated  AIN 
and  (b)  SiC  coated  AIN  at  800'’C. 


I050°C 
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Fig.  6.  Deposits  on  low  surface  area  SiO;  gels  showing  the  solid  i.-if- 
spherical  deposits,  no  porous  deposits  were  found. 


File  .XRD  dai.t  also  indicated  that  it  is  more  difficuli  to  form  [i  ,SiC  on 
D.ivisil  than  on  .MS  substrates. 


CONCLUSIONS 

Sponge  type  Si.  which  is  composed  of  nanometer  and  submicron 
size  whiskers,  was  formed  on  Davisil  (porous  SiOs  gels)  at  8(K)  to  WO“C' 
by  CVD  using  methyllrichlorosilane  (MTS)  as  a  precursor.  SF..M  data 
suggest  diameters  <  1  pm  and  XRD  data  suggest  an  average  diameter  of 
1 2?)  A  for  Si  whiskers  on  Davisil.  The  coated  Davisil  has  a  surface  area  of 
189  ni-/g.  which  is  very  close  to  its  original  surface  area  (224  m^/g). 
The  same  deposition  conditions  resulted  in  solid  half-sphere  filled  types 
of  coatings  on  low  surface  area  SiOi  gels.  At  temperatures  above  1()()0°C, 
solid  particles  were  formed  on  Davisil.  However,  porous  but  crystalline 
P-SiC  was  formed  on  AIN  substrates  with  a  deposition  temperature  of 
IO.‘iO“C.  Whisker  formation  may  result  from  kinetic  and  steric 
constraints  due  to  the  porous  nature  of  Davisil, 
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AH.SiK.XC  r 

Alumina  xerogeis  were  prepared  by  a  two  step  hydrolysis  m  non-aqueous  media  Ehis 
s\nthosu  produced  high  surface  area  materials  with  controlled  amount  of  pentncoordmated 
aluminum  The  effect  of  heat  treatment  and  of  the  preparation  procedure  on  the  physical 
cha'actensfics  of  the  powder  was  determined  by  nitrogen  adsorption  and  X-Ray  diffraction. 
'MKiea.s  the  aluminum  coordination  was  .studied  by  ''Al  M.AS  NMR  The  pore  si/o  distribution 
and  the  pentahedral  aluminum  content  (up  to  700‘C)  arc  doselv  .'■elated  lo  the  degree  of 
conJen-aiion  oi  the  ptelu  diolvsed  oligomer  species 


iMKoncc  riON 


In  lire  pre^em  csiuk.  we  carry  out  with  tlie  investigation  of  aluminum  a!k<i\ide<  i  Al(OKi,> 
hsdo'K.sis  at  loss  •vcaicT  to  alumuuim  ratios  (r'  mole  H-0  mole  -Xl)  Hie  results  ob^^u^ed  earlier 
.lie  hrietls  >ummafi/ed  and  the  jj?ipro\ emeni  aic  discussed 

(n  oui  picvinus  \cork  (Ij.  .Al  tri- ux -buioxide  solution  in  vc«, -butanol  was  hvdroi\ seu  b\ 
a  limited  iinount  ot  waiei  (<>  7-  r-  I  4)  m  presence  of  irrea  and  oi  ammonium  chloride  Alter 
1 1  ec/ v'*dr\  mg  and  subsequent  drv  mg  at  13^  C,  the  gel  were  calcined  between  "'‘J  (  and  7‘'(i  (  .An 
accurate  mi'nitormg  of  the  hvdrolvsii  conditions  allowed  us  to  generate  solids  with  controlled 
amounts  of  peniu-coordinated  alummumi  Al'  )  A  detaiHed  Al  magic  angle  spinning  (M. AS)  NMR 
Ntudv  (siructufej  combined  with  nrfrogen  advorption  isotherm  (texture)  had  e\idenced  memorx 
effect  during  the  thermal  treatment  Knowing  the  degree  of  octahedral  conden.saiion  (octahedral 
atummum  (  Al'  )  chemical  shift)  in  the  gel  .  n  was  possible  to  predict  the  amount  of  Al'  in  the 
alumina.N  calcined  n:  *^51)  C  The  alumina  texture  could  also  be  traced  down  to  the  ge!  A  large 
^.onceniration  of  A.  in  the  aluminas,  and  thus  reduced  poK  menzation  of  the  octahedra  i.i  the 
eel'',  wa>  correlated  ii>  a  narrow  pore  si/e  distribution  and  small  pore  diameler(4-’'nm )  Ihc 
meia''tabilits  of  the  Al  ^peci-.."^  toward  water  v\as  also  Jetnon.straled  The  .specific  role  of  urea 
and  ammonium  chloride  .%  incleai 

In  iF.e  luc'-eni  improve  the  sol-gel  loute  A  mote  complete  h>droivsl^  ot  the  ,A! 

tri'ti,  dmt^-Sivie  is  achieved  hv  increa.sing  the  h\drol\s»s  ratio  I  he  \ield  of  the  reaction  is 
cmwiderabK  improved  vvhereas  the  nature  of  the  alumina  is  unchanged  W  e  also  tv'cus  our  effort 
to  control  and  vatx  the  pore  M/.e  dislibulion  over  a  wider  range 

I  he  results  arc  discussed  in  terms  of  Al'  content  and  porosity  and  are  related  n>  reaction 
mechanisms  The  surface  properties  of  some  of  these  aluminas  arc  reported  elsewhere  |2] 
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MA  I  TRIALS  AND  METHODS 


The  Al  tri-«v-butoxide  (Aldrich,  Milwaukee)  is  diluted  with  jct-butanol  to  an  aluminum 
molar  concentration  of  0  43M  The  hydrolysis  is  induced  at  two  stages,  namely  before  (pre- 
hvdrolysis)  and  after  (post-hydolysis)  an  aging  period  of  three  days  at  80‘C,  unaer  continuous 
stirring  The  pre-hydrclvsis  consists  in  a  rapid  water  addition  to  reached  r=0  7  The  sol  was  then 
aged  Different  gels  were  obtained  depending  on  the  post-hydrolysis  ratio  and  subsequent 
treatments  In  fact  the  post-hydrolysis  is  a  base-catalysed  process  Either  0  7,  14.  2  8rrt.  of 
aqueous  ammonium  hvdroxide  solution  (28-30%  NH,  in  weight)  diluted  in  lOOmL  of  .vc<  -butanol 
IS  added  to  lOOml.  of  pre-hydrolysed  sol  and  stirred  vigourosly  for  5  minutes  The  fnal 
hcdrolvsis  ratio  r  is  either  1  65,  2  60  or  4  50  Then  the  gel  are  processed  into  different  '.va>  s. 
either  the  solvent  is  evaporated  to  dryness  in  an  oven  at  70“C  (gel  processing  II)  or  the  gel  is 
centrifuged,  washed  three  times  with  fresh  jtv-butanol  ,  then  freezed-dried  overnight  and  fi-  ally 
dried  at  80’C  for  24  hours(  gel  processing  1)  In  one  variant,  the  pre-  and  post-  hydrolysis  are 
combined  into  a  one  step  hydrolysis  followed  by  gel  processing  of  type  I  Finally,  one  set  of 
sample  was  prepared  starting  with  .Al  ethoxide  (Janssens,  Bruxelles,  Belgiu-i)  in  ethanolic 
solution  The  pre-hydrolysis  and  fm’l  r  .atio  are  0  7  and  2  60  respectively 

The  gels  were  subsequently  calcined  at  550.  600,  650.  750''C  for  twemy  hours  The  oven 
temperature  wa.s  increased  from  room  temperaiure  to  the  final  temperature  ai  i  rate  of  150  C  per 
hour  The  samples  will  be  named  according  to  the  e\penmental  procedure  (Table  I)  For  instance, 
gel  calcined  at  ^50  C  will  be  called  .A5‘'0 


niARACTFRI/ATION  TFCHNTOIIFS 


fhe  ■  .Al  MAS  NMR  spectra  of  the  gel  (before  calcination)  and  alumina  (after  calcination) 
svere  recorded  at  130  3  Mb/  and  a  spinning  rate  ca  12-]4Khz  Single  pulse  excitation  using 
0  'usee  ( 1  ^  )  pulses  and  a  delay  time  of  50  msec  was  used 

The  complete  nitrogen  adsorption-desorption  isotnetms  were  recorded  after  outgassing  at 
too  (.'  for  al  least  2  hours  .  using  the  Om.iisorb  100  (Coulter  Co  )  in  static  mode  The  pore  size 
distribution  is  obtained  from  ne  desorption  isotherms,  using  the  Barret  et  al  [3)  algorithm  and 
as.suming  cvlindtical  pore  shape 

Carbon  and  nitrogen  analysis  were  carried  out  and  \-rav  (Cu  Ru)  diffractograms  were 
recorded  on  some  samples 


RFSl  LTS  AND  DISCUSSION 


I  he  mam  information  concerning  the  gel  processing  .the  thermal  treatment  ar.d  the 
ph\ sico-cheimcal  characterization  are  summarized  in  table  1  As  it  was  demonstrated  before  [1], 
the  Al  content  is  a  valuable  parameter  to  probe  the  sample  thermal  evolution  and  wi!'  hj 
correlated  to  reaction  mech.inisni  and  physical  properties  Thus  it  will  play  a  major  role  in  the 
discussion 
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Table  I.  Summar>’  of  the  experimental  procedure  and  of  the  sample  characteristics 


Gf)  !D  Final?  i^rocess  Firing  Surface  Area  Total  Pore  %  Pore  Vol  %AI  %AI' 


Temp  t"C» 

(mVgr) 

Voi  (niL/gf) 

<i»  <  6 

mm 

A 

2  6i.t 

r- 

550 

?39 

0  576 

95  8 

42  9 

39  1 

650 

286 

0  258 

91  ) 

57  7 

IS  8 

750 

142 

0  221 

92  2 

29  9 

:  0 

B'-'' 

2  <>(' 

I 

550 

580 

0  545 

85  7 

29  9 

28  6 

7(»0 

200 

0  298 

916 

15  S 

5  9 

C 

4  50 

i 

5^0 

544 

0  71 ; 

55  9 

32  7 

27  4 

650 

251 

0  554 

54  5 

27  5 

2  5 

750 

195 

0  424 

51  5 

D 

! 

II 

550 

304 

0  627 

45  9 

16  1 

28  7 

750 

:67 

0  522 

25  8 

f: 

2  60 

El 

550 

524 

0  8H2 

28  ! 

14  2 

1 7  'j 

600 

567 

0  905 

55  2 

750 

185 

0  750 

174 

i- 

:  60 

550 

505 

'•  888 

28  2 

26  1 

9  3 

M)  AUOR),  =  Al  ethoxidtf 
(-)  See  leM 
( \  One  step  synthesis 
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B 

ASM 

.  -  -  ASM 

.  A7M 

.  .  .  ESM 
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A 

$  1*  15  2*  25 


Pm  DtMMtct 


Rg.i  MAS  NMR  spectra  of  selected  samples 
calcined  at  55fi‘C.  Bottom:  sicnulatron  of  8550 
spcctium;  dotted  lines  are  the  Individual 
contributions,  the  solid  line  is  the  sum,  the  solid 
squalls  cumspond  to  the  eipcrimental  data. 


Fiji.Z  Pore  size  distribution  of  samples  A-E  calcined 
at  550*C  lAi.  Comparison  of  Samples  A  and  E 
calcined  between  SSO'C  and  750*C  (B). 
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Our  goal  was  to  produce  Al'  rich  aluminas  and  to  simplify  Ihe  former  procedure  First  of  all,  the 
reaction  yield  has  been  improved  considerably  85  to  100%  of  the  aluminum  alkoxide  is 
hydrolysed  and  is  ultimately  transformed  to  aluminas  whereas  the  yield  was  as  low  as  i0%  m 
the  procedure  reported  earlier  Accordingly  the  gels  contain  less  carbon  this  is  about  10“,o  in 
weight  compared  to  more  than  30%  before 

The  ’  Al  MAS  NMR  spectra  of  a  typical  transition  aluminas  show  two  resonance  at  65  and 
8  ppm  corresponding  to  aluminum  in  tetrahedral  (Al'^)  and  octahedral  (AP  )  position  respectively 
The  ratio  of  the  two  peak  is  I  to  2  as  expected  in  a  spmel-like  structure  For  the  aluminas 
produced  by  this  sol-gel  .  there  is  m  addition  a  contibulion  at  35  ppm  (Fig  I)  assigned  to 
pentacoordinated  aluminum 

The  Al'  concentration  increases  with  increasing  calcination  temperatures  and  reaches  a 
maximum  around  450-550“C  Then  it  decreases  and  almost  disappears  upon  calcination  at  or 
above  750X  It  is  worth  mentioning  that  the  few  Al'  remaining  after  calcination  at  high 
temperature  are  concentrated  at  the  surface  The  intimate  modifications  encoutered  by  the  sample 
during  thermal  treatments  are  depicted  when  deconvoluting  the  '’Al  MAS  NMR  spectra  Without 
going  into  the  details  of  the  deconvolutions  procedure(4),  the  following  facts  are  observed  The 
gel  IS  a  relaticely  homogenous  and  well-organized  (at  the  local  scale)  materia)  The  resonances 
are  narrow  and  can  be  simulated  with  low  quadrupolar  coupling  constant  (QCC).  narrow 
distribution  of  quadrupolar  parameters  and  reduced  overall  broadening  Calcination  at  550  C 
maximizes  the  disorder  and  increases  the  line  widths  This  can  be  accounted  for  by  increasing 
the  width  of  the  QCC  distribution  as  well  as  the  overall  broadening  At  750'  C,  the  material  starts 
to  reorganize,  as  it  is  evidenced  by  the  decrease  in  line  width  and  the  appearance  of  some  X- 
ray  diffraction  lines  (vide  infra)  If  one  compares  the  samples  at  550‘C.  a  consistent  trend  is 
observed,  as  the  .Al'  content  increases  the  width  of  each  individual  line  (.Al‘  .  AT  .Al  ‘)  increases 
also  Thus  the  Al'  appears  in  highly  disordered  structures 

It  IS  also  evident  that  the  Al'  concentration  is  controlled  by  the  experimental  procedure  Large 
pre-hydrolysis  ratios  inhibit  the  Al’  foi  ation  [1,5],  so  that  r  must  be  kept  around  U  7  during 
the  aging  period  to  obtain  high  yield  of  pentagonal  species  The  post-hydrolysis  ratio  is  also  a 
critical  parameter  Using  the  gel  processing  I.  r  can  be  increased  up  to  about  3  without  altering 
the  gel  properties,  only  the  reaction  yield  is  improved  Over  a  final  hydrolysis  ratio  of  3  ,  the  .Al' 
content  starts  decreasing  (compare  sample  A550  and  C550)  The  two  gel  processing  {  I  and  11) 
give  some  interesting  insight  into  the  sol  chemistry  In  fact  method  I  corresponds  to  a  rapid 
hvdrolysis  The  ammonium  hydroxide  solution  is  added  and  reacts  for  5  minutes  Then  most  of 
the  unreacted  water  is  washed  away  and  finally  the  traces  of  water  left  are  frozen  during  the 
freeze-dr>  ing  step  Thus  the  hydrolysis  proceeds  for  a  short  period  of  time  and  the  freeze  drying 
procedure  prevent  the  gel  to  agglomerate  and/or  condense  further  On  the  opposite,  method  II 
allows  for  an  extended  condensation  and  removal  of  the  alkoxide  residues  It  is  worthwhile  to 
remember  that  the  hydrolysis  rale  constant  is  4  to  5  order  of  magnitude  larger  than  the 
condensation  rale  constant  in  the  Si(OR)4  and  Ti(OR)4  systems  [6,7]  It  is  likely  that  procedure 
1  isolates  the  hydrolysed  products  with  limited  condensation,  whereas  condensation  between 
partially  hydrolysed  oligomers  is  expected  for  procedure  11  We  also  conducted  an  acid-catalysed 
reaction  where  the  ammonium  hydroxide  was  replaced  by  HUl  6N  The  product  shows  large 
amount  of  Al'  but  the  surface  area  was  rather  low  (200  versus  300mVgr)  Theses  observations 
confirm  the  fact  that  base-catalysed  condensation  leads  to  highly  branched  polymeric  species  For 
the  one  step  hydrolysis  (sample  F).  the  pre-  and  post-hydrolysis  are  combined  and  followed  by 
the  gel  processing  of  type  I  AU  is  almost  absent  showing  the  importance  of  the  pre-hydrolysis 
and  of  the  aging  period  It  is  possible  that  the  first  reaction  produces  a  well-dispersed  sol  that  acts 
as  "seed"  for  the  second  hydrolysis 

All  the  results  drscusssed  up  to  now  where  obtained  starting  with  the  Al  tri-wc-hutoxide  This 
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alkoxide  already  contains  Al'  (8}  thus  a  legitimate  question  can  be  raised  Is  the  Ai  observed 
for  the  calcined  powder  related  to  the  nature  of  the  alkoxide'’  Is  the  alkoxide  the  chemical 
precursor’  To  answer  this  question  .  we  produced  a  gel  equivalent  to  sample  A  but  using  the  Al 
ethoxide  The  precursor  is  solid  and  contains  less  than  5%  of  Al'  and  Al  '  As  it  can  be  seen 
(Fig  1,  Table  !),  the  Al  ethoxide  lead  also  to  Al'  rich  alumina.  Without  overlooking  the  influence 
of  the  alkoxide  nature  and  of  the  solvent  on  the  hydrolysis  and  condensation  reaction,  one  can 
conclude  that  Al'  is  produced  eventhough  it  is  not  present  in  the  alkoxide  Al'  depend  on  the 
degree  of  condensation  of  the  structural  (tetrahedral  and  octahedral)  elements  Misfits  in  the 
condensation  would  produce  Al'' 

The  pore  size  distributions  of  each  sample  calcined  at  550“C  and  of  sample  A  and  E  activated 
between  550  and  750‘’C  are  displayed  in  figure  2A  and  2B  respectively  The  total  pore  volume 
and  the  surface  area  are  summarized  in  table  I  Al  a  constant  calcination  temperature  the  different 
samples  have  similar  specific  surface  area,  whereas  the  porosity  is  deeply  affected  by  the 
hydrolysis  ratio  and  the  gel  processing,  as  also  observed  for  the  Al'  yield  Thus  it  is  not 
surprising  to  find  a  relationship  between  porosity  and  aluminum  coordination  As  the  Al'  content 
decreases,  the  pore  volume  increases  (Fig.  2A  and  table  1)  and  because  the  surface  area  is  more 
or  less  constant  .  larger  pores  are  developped  If  samples  A550  and  B550  are  compared,  its  seems 
that  a  low  r  ratio  (2  6)  tends  to  produce  a  structure  with  a  very  narrow  pore  distribution  centered 
at  4nm  Increasing  r  to  4  50  (sample  C550)  generates  a  solid  with  a  poorly  defined  porosity 
centered  around  6nm  Long  condensation  periods  (procedure  II,  sample  D550  and  E550)  or  too 
short  a  reaction  time  (sample  F550  )  produces  large  but  badly  defined  pore  volume  The  pore  size 
distribution  in  gels  calcined  at  increasing  temperature  shows  (fig2  B)  an  interesting  feature 
Eventhough  the  specific  area  drops  by  as  much  as  50%,  a  sample  with  narrow  pores  tend  to 
preserve  irs  pore  structure  When  the  pore  are  larger  at  the  origin  ,  they  become  still  bigger  at 
higher  calcination  temperature  (sample  E)  The  pore  size  distribution  is  a  good  probe  to  follow 
the  thermal  evolution  of  the  powder  and  evidence  a  textural  memory  up  to  at  least  750^C 

The  influence  of  the  Al'  concentration  in  the  gels  calcined  at  550‘C  on  their  thermal 
evolution  IS  shown  in  figure  3  The  surface  stability  is  the  surface  area  left  at  750  'C  expressed 
in  %  of  the  surface  measured  at  550°C  The  crystallinity  is  the  ratio  of  the  width  at  half 
maximum  intensity  to  the  maximum  intensity  of  the  X-ray  reflection  at  20-46  In  fact,  y-alumina 
,\-ray  pattern  is  observed  It  is  clear  that  sintering  and  recrystallization  are  favored  by  a  higher 
contents  in  Al'  as  true  for  any  surface  defect  (4] 

Finally,  it  would  have  been  interesting  to  compare  the  structural  and  textural  information 
reported  above  to  small  angle  X-ray  scattering  data  Only  one  sample  (  sample  I  I  I. A  in  ref  I  , 
fresh  and  calcined  at  550°C)  similar  to  sample  A  was  studied  Both  the  fresh  and  calcined 
powders  exhibit  an  extended  Porod  region,  l=const*Q  “  with  a  Porod  slope  ct-4  Such  a  behavior 
would  indicate  that  the  gel  and  the  corresponding  alumina  are  non-fractal  [6],  e  g  the  mass  fractal 
dimension  is  3  and  the  surface  is  Euclidien  The  scattering  function  shows  a  nice  corelation  peak 
near  r=  0  006  nm  and  a  coorelation  lenghl  la  lOnm  High  resolution  transmission  electron 
micgrography  of  the  sample  calcined  al  550'’C  reveals  aggregates  of  small  pseudo  spherical 
particles  2  nm  diameter  looking  like  quasi-lmear  strings  of  beads  separated  by  voids  with 
average  width  of  3  nm  These  voids  are  forming  slit-shaped  pores,  the  average  distance  between 
their  centers  being  on  the  order  of  gnm 
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ABSTRACT 

Composites  of  amine  terminated  butadieneacrylonitrile  (ATBN)  and  montmorillonite 
(MMT)  were  prepared  by  ion  exchange  between  the  onium  salt  of  the  polymer  and  the 
interlamellar  cation  of  the  mineral  following  two  different  preparation  approaches.  The  first 
carried  out  the  ion  exchange  in  situ  and  used  dioxane,  a  better  solvent  for  the  polymer,  and  the 
second  administered  the  omum  sa.1;  to  MMT  using  dimethylsulfoxide  (DMSO).  Elemental 
analysis  and  IR  spectroscopy  indicated  that  all  the  ionic  sites  of  the  mineral  have  been  occupied 
by  polymer  end  groups.  TTie  d  (001)  spacing  and  the  span  between  the  internal  lamellar  surface 
were  only  expanded  to  about  14  A  and  5  A,  respectively,  suggesting  horizontal  packing  of  the 
polymer  molecules.  TEM  of  microtome  sections  prepared  from  compression  molded  composites 
revealed  that  the  lamellae,  laminated  with  polymers  assembled  into  multiplets  of  about  5  nm  for 
both  preparations.  The  multiplets  clustered  into  mineral  rich  domains  whose  average  size  was 
250  nm  for  the  DMSO  preparation.  Finer  clusters  (70  nm)  were  obtained  by  the  first  method. 
This  three  fold  decrease  in  the  average  domain  size  was  attributed  to  the  strong  solvation  power 
of  dioxane  in  the  binary  solvent  and  to  the  locale  of  ion  exchange. 


INTRODUCTION 

Interest  in  the  properties  of  com  -  eves  o  organic  molecules  with  layered  silicate  minerals 
[1]  has  been  driven  by  a  remarkable  levti  uherent  activity.  The  crystalline  structure  of  this 
class  comprises  two  dimensional  crystalline  regularity  (layers  or  lamellae)  superposed  without 
any  regularity  except  for  a  constant  separation  and  held  together  by  relatively  weak  forces.  Even 
though  activity  of  various  cationic  species  have  been  studied  [2],  the  bulk  of  the  literature  is 
focused  on  Na  and  Ca  montmorillonites  [3],  perhaps  due  to  their  natural  abundance.  Several 
technologies  have  been  developed  on  basis  of  organophilic  montmorillonites  prepared  by  ion 
exchange  or  adsorption  of  small  organic  molecules  into  the  interlamellar  spacing  [4-9].  The 
swelling  characteristics  of  montmorillonites  have  been  recently  exploited  to  effect  shrinkage 
control  of  concretelpolymer  mixtures  llOJ,  nylon  66  [11]  and  epoxy  compounds  [12].  The 
structural  and  morphological  characteristics  of  mcmtmorillonites  have  been  used  to  prepare 
polymer/clay  nanocomposites  including  nylon  6  [13-17]  and  polystyrene  [18,19].  A  recent  U.S. 
patent  [20]  describes  fifteen  examples  of  composite  materials  based  on  the  intercalation  of  vinyl 
monomers,  prepolymers  or  functional  polymers  with  smectic  clay  minerals.  In  all,  but  few 
reports  [15,17,18,21.22]  nanostructure  was  concluded  from  WAXD  measurements  of  the 
interlamellar  d  (001)  spacing,  neglecting  the  fact  that  interlamellar  expansion  is  possible  without 
disaggregation  of  the  mineral  [11,12].  More  recently,  Usuki  and  coworkers  reported  a  TEM 
micrograph  denoting  the  nanostructure  dispersed  into  a  rubber  compound  [21,22].  In  view  of 
the  fact  that  the  properties  of  structured  materials  arise  from  their  morphological  organization, 
this  paper  pursues  the  morphological  hierarchy  of  ATBN-g-MMT  and  examines  the  effect  of  the 
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ion  exchange  method  on  the  evolution  of  the  nanostructure  in  an  attempt  to  elucidate  the  "rules" 
by  which  this  evolution  occurs.  A  companion  publication  [23]  continues  to  clarify  yet  another 
issue  in  the  preparation  of  montmorillonite/polymer  hybrids.  That  is  the  significance  of 
chemical  and  physical  bonding  in  these  materials. 


EXPERIMENTAL  PROCEDURE 

The  clay  mineral  used  in  this  study  was  Na-montmorillonite  (colloid  Bi’)  from  Southern 
Clay  Products,  Inc.  (Gonzales,  Texas)  with  cation  exchange  capacity  (CEC)  of  114.8  m.eq/100 
g.  The  polymer,  amine-terminated  butadiene  acrylonitrile  (Hycar‘  ATBN,  1300x16)  with 
Brookfield  viscosity  of  2x10*  mPa.s  at  ITC  and  a  glass  transition  temperature  of  -51°  C  was 
obtained  from  BE  Goodrich,  Specialty  Polymers  &  Chemicals  Division  (Cleveland,  OH).  Using 
GPC  with  polystyrene  as  a  reference,  the  number  average  molecular  weight  was  found  to  be 
1.09x10*  and  the  weight  average  was  7.34x10*  which  gives  rise  to  a  polydispersity  of  6.75. 

The  general  idea  underlying  the  preparation  of  MMT  chemical  intercalates  follows  the 
simple  rules  of  ion  exchange  [4].  In  our  case,  the  amine  end  groups  of  the  polymer  chains  were 
converted  into  the  corresponding  onium  salt  which  was  then  caused  to  exchange  with  the 
interlayer  canon  of  the  mineral.  The  exchange  process  was  achieved  step-wise  or 
simultaneously.  The  Toyota’s  approach  uses  1 ;  1  ratio  of  dimethylsulfoxide  and  water,  aided  by 
intensive  mechanical  stirring,  to  swell  the  polymer  and  transform  its  end  groups  to  the  onium 
salt  by  adding  HCl.  This  sdt  suspension  is  added  to  montmorillonite  dispersion  in  water  [22]. 
Realizing  the  limitation  of  this  approach,  another  was  devised  according  to  which  dioxane,  a 
better  solvent  for  ATBN,  was  used  to  dissolve  the  polymer  and  as  a  co-swelling  agent  for  MMT. 
In  the  latter  method,  the  salt  transformation  took  place  in  the  vicinity  of  the  dispersed  mineral 
layers.  The  products  obtained  from  the  two  procedures  are  then  compared  at  the  various  levels 
of  phase  organization. 

The  analytical  strategy  was  devised  to  examine  the  nature  of  bonding  between  MMT  and 
ATBN  in  the  reaction  product  and  to  investigate  the  evolving  morphology  of  the  composite. 
This  task  was  achieved  by  a  battery  of  tests  including  elemental  analysis,  wide  angle  X-ray 
diffraction  (WAXD),  fourier  transform  infrared  spectroscopy  (FTIR),  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TbM). 


RESULTS 

To  probe  the  nature  of  the  interaction  between  the  ATBN  polymer  and  montmorillonite 
our  results  are  presented  on  three  levels.  At  the  ionic  level,  elemental  analysis  and  FTIR 
established  that  the  polymer  has  accessed  all  the  interlayer  charge  sites  and  that  the 
functionalized  chain  ends  have  been  ionically  bonded  to  the  layers.  Diffraction  measurements 
gauged  the  polymer  packing  between  mineral  layers.  Finally,  microscopic  evidence  was  used 
to  construct  the  morphological  hierarchy  of  the  composite.  Where  appropriate,  comparison  will 
be  made  between  the  products  obtained  from  the  two  preparations. 

Intercalatioa  Reaction 

Quantitative  analysis  of  C,  H,  N  and  Na  in  the  reaction  product  provides  evidence  of  the 
efficiency  of  ion  exchange  and  the  MMT  content  in  the  composite.  The  Na  content  ( <  0.08%) 
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is  equivalent  to  that  arising  from  NajO  implying  that  all  ionic  sites  in  MMT  were  exchanged 
with  the  onium  salt  of  the  polymer.  A  polymer-to-clay  ratio  of  about  1.5  (by  weight)  was 
calculated  from  the  C  and  N  content.  Additional  evidence  for  the  intercalation  of  ATBN  with 
MMT  was  obtained  from  FTIR  spectroscopy.  The  terminal  amine  of  the  polymer  used  in  this 
investigation  (ATBNX16)  is  N-aminoethylpiperazine.  The  halide  salt  of  this  secondary  amine 
shows  four  characteristic  IR  bands  in  the  region  from  2700  cm '  to  2400  cm specifically  at 
2655  cm  2550  cm  *,  2495  cm  *  and  2440  cm  *  as  shown  in  Fig.  1  (a). 


Figure  1 .  FTIR  of: 

(a)  ATBN  salt, 

(b)  composite  of  the  dioxane  preparation  and 

(c)  composite  of  the  DMSO  preparation. 
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These  observed  bands  are  similar  to  those  reported  in  earlier  literature  [24].  Secondary  amine 
salts  show  bathochromic  shift  in  the  order  hydrochloride,  hydrobromide,  hydroiodide  [25].  The 
shift  in  our  case  (spectra  b  and  c)  is  higher  than  that  which  was  repotted  for  hydrochloride  [25] 
implies  that  the  onium  salt  of  ATBN  must  be  intercalated  with  a  more  electronegative  moiety, 
i.e.,  metal  oxide.  The  broadening  of  the  characteristic  bands  of  the  two  intercalates  (b  and  c) 
is  apparently  related  to  intermolecular  interaction. 

Interhmiellar  Structure 

It  has  been  shown  above  that  the  polymer  chains  must  have  accessed  the  inter-Iamellar 
spacing  of  the  mineral  giving  rise  to  a  polymer/mineral  intercalate  by  ion  exchange.  The  amount 
of  polymer  residing  within  the  interlayer  spacing  can  be  estimated  by  WAXD.  Figure  2  shows 
typical  WAXD  traces  of  MMT  and  ATBN-MMT  (compression  molded  samples)  obtained  from 
both  preparations.  The  interlamellar  spacing  is  9.6  A  for  MMT  and  14.1  A  for  both 
preparations.  Realizing  that  the  Na  ion  (ca.  0.3  A  [9])  has  been  replaced  by  ATBN  and 
subtracting  the  thickness  of  the  silicate  layer  (two  halves  =  0.93  nm)  from  the  observed  d  (001) 
spacing  (1.41nm)  produce  the  thickness  of  the  polymer  layer  within  [26].  The  corre^xmding 
value  is  0.49  nm  for  both  preparations.  This  value  is  slightly  less  than  a  bimolecular  layer 
(2x2.8  A)  and  might  be  considered  to  represent  the  mean  thickness  of  a  buckled  and  folded 
macromolecular  chain,  in  which  approximately  half  of  the  segments  of  each  chain  is  in  contact 
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with  the  surface.  The  interlamellar  packing  deduced  here  is  similar  to  that  observed  in  grafted 
styrenic  monomer  [18]  and  is  lower  than  that  observed  'n  MMT-g-PS  [18]  MMT-g-epoxy  [12] 


and  nylon  6-g-MMT  [15-17]. 
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Morphological  Evolution 

The  WAXD  evidence  presented  above  indicates  that  the  aluminosilicate  lamellae,  9.6  A 
each,  are  laminated  by  a  polymer  layer  of  about  5  A.  The  method  of  preparation  does  not 
appear  to  play  a  major  role  at  the  lamellar  level.  The  elementary  building  block  of  the 
composite,  in  both  preparations,  is  probably  a  pair  of  mineral  lamellae  and  the  enclosed  polymer 
layer  which  add  up  to  about  2.5  nm.  This  elementary  building  block  may  erect  an  agglomerate 
of  a  micro  scale  [12]  or  a  nanostructure  [18].  Detailed  TEM  analysis  of  suspension  cast  film 
and  microtome  sections  prepared  from  molded  specimens  are  reported  in  another  publication 
[27].  In  this  section,  we  present  a  few  illustrations  for  the  morphological  hierarchy. 


Figure  3.  (A)  Dispersive  X-ray  mapping  for  Si,  and  (B)  TEM  micrograph 
of  microtome  section  prepared  from  compression  molded  sample. 


The  uniformity  observed  in  an  image  of  Si  mapping  (Fig.  3A)  indicates  that  the  mineral 
domains  are  submicron  in  size  and  are  homogeneously  dispersed  (on  this  scale)  in  the  polymer 
matrix.  Figure  3B  displays  a  TEM  image  exhibiting  mineral-rich  clusters.  The  clusters  appear 
ellipsoidal  (70  nm  x  300  nm).  That  the  super  assembly  of  MMT  occurs  through  lamellar  planes 
draw  the  attention  to  examine  morphological  evolution  of  the  thickness.  The  histograms  of  Fig. 
4  provide  a  clear  distinction  between  the  morphology  obtained  from  our  preparation  metht^ 
(dioxane)  and  that  of  Toyota  (DMSO).  Our  approach  yields  a  narrower  domain  size  distribution 
(average  70  nm)  as  compared  to  the  Toyota  approach  (average  250  nm).  Higher  magnification 
of  the  clusters  (Fig.  5)  shows  that  they  are  assemblies  of  layered  materials  (lamellar  multiplets), 
and  are  not  a  continuous  dispersion  of  MMT  lamellae  as  promoted  by  Toyota  publications 
115,17]. 


Figure  5.  TEM  micrograph  showing  the  assembly  of  mineral  multiplets  within  the  cluster. 
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DISCUSSION 


MontmoriUonite-polymer  nanocomposites,  like  otixr  structured  materials,  derive  their 
properties  from  their  morphology.  Because  these  are  multiphase  materials,  chemical  continuity 
between  the  phases,  i.e.,  the  nature  of  bonding  between  thr  polymer  and  MMT,  plays  a 
significant  rote  in  forging  their  durability.  Chemical  continuity  of  the  interphase  has  been 
established  from  elemental  analysis,  FTIR  spectroscopy  and  TGA  analysis  127J.  The  succeeding 
discussion  considers  relevant  char»;teristics  of  MMT,  attempts  to  construct  a  hierarchical  model 
for  ATBN-g-MMT  and  examines  the  validity  of  the  idea  that  increased  d(OOl)  alone  is  a 
sufficient  evidence  to  demonstrate  that  a  polymer-MMT  intercalate  is  a  nanocomposite. 

The  various  levels  of  organization  in  montmorillonite  include:  Primary  panicles  (ca.  10 
nm)  consisting  of  stacks  of  parallel  elementary  sheets  (lamellae)  with  an  average  of  about  10 
sheets  per  particle,  micro-aggregaes  (ca.  few  hundreds  nm)  formed  by  the  association  of  several 
primary  particles  which  are  neatly  parallel  and  joined  together  laterally  and  aggregates  (0. 1  to 
10  pm)  comprising  a  large  number  of  primary  particles  and  micro-aggregates.  Early  evidence 
suggests  that  the  swelling  and  plasticizing  of  MMT  are  due  to  increasing  interparticle  spaces 
rather  than  to  expansion  of  individual  primary  particles  [3].  Thus,  MMT  appears  to  undergo 
two  interdependent  processes  during  intercalation:  swelling  of  the  interlamellar  spacing  and 
disaggregation.  Lastly,  it  should  be  kept  in  mind  that  most  intercalation  reactions  with  polymers 
are  brought  about  in  a  binary  aqueous  mixture.  Montmorillonite  literature  [28]  indicates  that 
certain  binary  liquid  mixtures  exert  more  effective  intercalation  than  others.  Thus,  the  role  of 
the  intercalating  medium  should  not  be  overlooked. 

Examination  of  the  basics  presented  above  in  association  with  the  findings  introduced 
in  the  results  section  would  aid  in  elucidating  the  organizational  behavior  of  MMT  as  it  becomes 
intercalated  with  the  polymer.  A  summary  of  the  measurements  made  on  various  scales  by 
V/AXD  and  image  analysis  of  TEM  results  [27]  is  tabulated  below. 

Table  I,  Average  Domain  Size  (nm) 


Domains 

Dioxane 

DMSO 

Cluster 

71.0 

245.0 

Multiplets 

5.2 

4.3  1 

Multiplet  ^cing 

11.0 

11.4  1 

d  (001)  spacing 

1.4 

1.4  1 

One  notes  that  lamellar  multiplets  (few  lamellae)  appear  to  represent  the  elementary  constituents 
of  the  mineral  rich  domains  in  the  composites,  regardless  of  the  method  of  preparation.  The 
significant  reduction  in  the  cluster  size  and  distribution  (Fig.  4)  is  most  likely  related  to  the  dual 
effect  of  the  better  solubilization  of  the  dioxane  and  the  local  ion  exchange  in  the  dioxane 
method.  An  observation  of  significance  is  that  the  average  spacing  between  the  multiplets  falls 
in  the  range  of  1 1  nm.  The  assembly  of  the  mineral  layers  into  multiplets  and  the  ability  of  the 
multiplets  to  diffract  X-rays  offers  an  alternate  interpretation  to  the  notion  of  "disappearance’ 
of  the  interlayer  spacing  from  WAXD  measurements  [15,17,20]. 


It  is  widely  believed  that  a  nanocomposite  status  could  be  confened  on  MMT-polymer 
intercalates  if  the  d  (001)  spacing  is  sufficiently  increased.  For  example,  in  their  patent  [20], 
Toyota’s  researchers  disclose  that  the  X-tay  diffractometry  of  ATBN-g-MMT  indicates  that  the 
(001)  plane  of  MMT  has  disappeared  and  the  layers  of  MATf  are  uniformly  dispersed  in  the 
liquid  butadiene  (i.e.,  ATBN).  The  patent  further  narrates  that  the  MMT  in  the  complex  has 
a  silicate  interlayer  distance  greater  than  80  A.  In  another  publication  [22],  a  TEM  micrograph 
related  to  that  of  Fig.  4  was  erroneously  used  to  conclude  that  the  silicate  layers  are  dispersed 
on  the  molecular  level.  In  addition,  earlier  report  [15,17]  used  TEM  microgr^hs  comparable 
to  those  of  Fig.  5  to  assume  that  the  MMT  is  dispersed  as  single  layers  in  the  polymer  matrix 
leading  the  authors  to  conclude  "unlimited  swelling".  However,  recent  WAXD  measurements 
[29]  shows  that  interlamellar  spacing  remains  in  the  range  of  13.7  A  after  intercalative 
polymerization  of  f-caprolactone  from  which  the  authors  sketch  a  schematic  diagram  bearing  the 
basic  idea  of  our  model  [27].  That  is,  the  reach vely  small  interlamellar  spacing  does  not 
represent  the  whole  picture  of  the  composite  which  should  better  be  understood  in  terms  of  a 
morphological  hierarchy. 

CONCLUSIONS 

Within  the  scope  of  the  preceding  analysis  of  the  two  ATBN-g-MMT  preparations,  the 
following  conclusions  are  reached; 

(1)  Ion  exchange  between  the  interlayer  cations  of  MMT  ano  Utc  or.ium  sail  of  AI  BN 
gives  rise  to  a  chemically  intercalated  composite. 

(2)  The  polymer  intercalation  produces  an  interlamellar  expansion  of  about  5  A  which 
suggests  polymer  packing  either  as  a  bimolecular  layer  or  as  a  buckled  and  folded  chain. 

(3)  A  morphological  hierarchy  based  on  WAXD  and  quantitative  analysis  of  TEM 
observations  suggests  that  multiplets  of  laminated  mineral  lamellae  are  assembled  to  form 
mineral-rich  clusters. 

(4)  An  intercalating  medium  containing  dioxane,  a  good  solvent  for  the  polymer,  is 
found  to  produce  smaller  cluster  domains  in  comparison  with  those  obtained  in  a  weaker  solvent. 
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ABSTRver 


Progress  hus  been  made  u>s\arus  tlic  dcvclopmeni  of  inorganieorganic 
nuiltii.iyered  films  nuxleled  after  Hofmann  clathrale  compounds.  Cobalt  bipyndine 
multilayers  were  grown  layer  by  laver  on  .i  silicon  substrate.  The  resulting  films  were 
cliiu-actenzed  using  ellipsonv  try,  grazing  angle  X-ray  diffraction.  Auger  electron 
spectroscopy  and  EPM.A  lElcctron  Protx'  Micro-  Analysisl.  Results  indicate  that 
niiKlerately  sseil  ordered  layers  h  ive  'x’cii  synthesized,  but  cross-linkiiig  with  MtCN  ij- 
;M  =  .Ni,  Pd,  or  Pti  to  simulaic  the  mi  del  structure  diK’s  not  sigmricantly  iKCiir. 


IMRODCCTION 

■Self-assembled  multilayers  have  attracted  considerable  interest  recently  because 
of  the  potential  for  controlling  orientation,  individual  layer  composition  and  propeni.  -, 
aiui  the  overall  stipramolecular  architechture  of  i..yered  assemblies  on  surfaces.  .Many 
poleiitial  ap|)lications  have  been  considered  for  such  materials,  including  use  as  active 
components  in  nonlinear  optical  devices,  I -4  stable  charge-separated  assemblies.  '  and  as 
materials  w  ith  selective  respon.ses  for  sensor  applications. 4-1'  '/irconuim  -bisphosphonale 
self-assembled  multilayers''-'  arc  ciirrenily  under  intense  invcsiigaiioii  for  all  of  these 
applicaltons. This  system  provides  well-ordered  multilayer  films  made  of  organic 
and  inorganic  layers  ilir'  are  robust  and  relatively  easy  to  prepare. 

Other  systems  are  desired  in  order  ui  increase  the  number  of  potential  applicaiions 
,ind  to  expand  the  types  of  chemistry  available  for  building  mulnlayer  struciures.  The 
Hofmanii-type  claihrate^  iiKxlel  structure  (Figure  1 1  is  a  member  ot  well  charactenzed 
class  of  bulk  maicrials  which  also  consist  of  alicmating  organic  .nut  uuirganic  layers, 
l-.a^h  inorganic  layer  is  made  of  a  square  net  ol  ailcrnalmg  iK'tahcdral  and  sijua.x'  planar 
metal  cenicrs  cross  linked  by  bridging  cyanide  molecules.  T  he  square  planar  metal  site  is 
generally  (Vcupied  bv  a  iD  mct.d  loui.N'i-*.  Pd-*. or  Pi-*  !or  aHirdinalcd  to 

the  carbon  end  of  four  bridging  cyanides  The  ix  lahedral  sue  can  be  vxcupicd  by  a 
nuaely  of  transition  metal  ions  i('o-'  in  ib  -  present  easel,  and  this  metal  center  is 
ciHirdinaled  to  the  nitrogen  end  of  four  cyanides  and  lo  two  diamines  T  he  diamines 
comprise  the  organic  layers  and  serve  lo  connect  the  inorganic  layers.  Ibe  square  planar 
metal  cyanide  complex  acts  lo  cross  link  the  material  w  ithin  the  inorganic  layer, 
providing  order  and  stability  If  this  system  could  he  adapted  to  allow  self-assembly 
ol  a  thin  film  based  on  this  siniciiirc.  ;i  would  provide  an  attractive  alternative  to  the 
zirsonium  hisphosphoii.ue  sysicm  Some  work  in  ihls  direction  w  ith  a  rutheimim 
hipvridmc  nickel  cyanide  s\  nIciii  h.is  Ix'en  icccntly  reported.'* 
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Figure  1:  An  example  of  the  Hofmann-type  clathrate  structure. 

The  strategy  for  self-assembly  of  systems  mcxieled  after  Hofmann-type  clathrate 
matenals  adopted  here  involves  the  following  steps,  A  flat  silicon  substrate  is 
functionalized  wiith  an  anchoi  molecule  bearing  a  trimethoxysilyl  group  on  one  end 
(which  will  presumably  form  a  covalent  Si-O-Si-  linkage  with  the  .silicon  substrate),  and 
an  amine  functionality  at  the  other.  Divalent  metal  ions  (Co^*)  arc  then  bound  to  the 
amine-terminated  surface.  Mimicking  the  model  compound,  this  step  is  followed  by 
incorporation  of  the  square  planar  complex  ion  M(CN)4‘'  into  the  Co-'*  layer.  The  final 
step  to  complete  the  layer  involves  binding  a  diamine  (bipyridine)  monolayer  to  the 
remaining  coordination  sites  of  the  Co^*  ions.  4,4  -Pinyridine  was  chosen  because  its 
rigid,  bulky  structure  may  help  to  impart  order  to  the  material.  The  process  can  be 
repeated  by  cvcling  through  each  of  the  above  steps  to  produce  multilayers.  Results 
pertaining  to  the  synthesis  and  charactenzation  of  the  thin  films  prepared  by  this  general 
ocquence  arc  presented  below.  Specific  systems  reported  here  include  those  using  Co*'^’ 
bipyridine,  and  each  of  the  square  planar  complexes:  Ni(CN)4“',  Pd(CN)4‘'  and 
Pt(CN)4-’.  A  control  system  which  was  prepared  using  only  Co-+  and  bipyridine 
(without  a  square  planar  complex  i  is  also  reported. 


EXPF.RIMENTAI. 

Materials.  Pota'  slum  teiracyanoplatiiiatetll)  trihydrate  and  4.4'-bip/ridine  were 
purchased  from  Aldnch  and  used  as  relieved  in  lOmM  aqueous  solutions.  CoCh  6H;() 
was  purchased  Irom  Baker  and  used  in  a  lOmM  solution  in  acetone.  Potassium 
tetracyanopallidaicdli  and  potassium  teiracyanonickelaledl)  were  preparedl'^'d '  from  the 
restxrciivc  dichloride  salts  and  potassium  cyanide  and  used  in  lOmM  aqueous  solutions. 
Polished  pnme  grade  ( !()())  silicon  wafers  used  as  the  substrate  were  purchased 
from  .Silicon  (.^uesi  fhe  anchor  molecule,  f-aminopropyltriethoxysilane  (APS),  was 
purchased  from  Aldrich  Wafers  were  cic.med  poor  to  use  as  substrates  by  nnsmg 
successively  m  tnchloroethylenc  for  III  minutes,  isopropanol  for  l.S  minutes  and  under 
(lowing  ulirapure  water  for  2(1  minutes 
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Substrate  funclionalizaiion.  Wafers  were  functionalized  using  a  modified  procedure 
similar  to  that  used  by  Goss  et  al'^  and  Katz  et  al'3.  Clean  wafers  were  submerged  in  a 
refluxing  1%  (v/v)  APS  /ethanol  (200  proof)  solution  for  ten  minutes,  rinsed  with  ethanol, 
dryed  with  flowing  Na,  and  placed  in  a  105°C  oven  for  eight  minutes.  The  wafers  were 
returned  to  the  refluxing  solution  and  the  cycle  was  repeated  three  times. 

Preparation  of  Multilayers.  All  reactions  were  carried  out  in  solution  under  ambient 
pressure  and  temperature.  Samples  were  placed  in  the  cobalt,  K2M(CN)4,  and  bipyridine 
solutions  for  20, 20,  and  40  minutes  respectively  and  rinsed  for  ten  minutes  under 
flowing  water  purified  to  a  resistivity  of  17-18  MQ-cm  with  a  Bamstead  E-pure  system 
after  each  step  in  the  preparation. 

Ellipsometry  was  done  using  a  Rudolf  Thin  Film  Ellipsometer  43702-2(X)E  with  a 
tungsten-halogen  light  source  and  a  632  nm  filter.  Th’ckncsses  were  calculated  using 
DaflBM  (version  2.1)  provided  by  Rudolph,  assuming  an  index  of  refraction  of  3.858- 
O.OlSi  for  the  silicon  substrates.  Grazing  angle  X-ray  diffraction  was  measured  using  a 
Scintag  XDS-20(X)  6-6  powder  diffractometer. 

Auger  Electron  Spectroscopy  (AES)  was  performed  with  a  2.8  keV  electron  beam 
in  a  UHV  chamber  at  10"^  to  10"^  torr. 

RESULTS  AND  DISCUSSION 

Samples  prepared  as  described  above  were  analyzed  using  a  number  of  techniques 
to  determine  the  resulting  composition  and  structure.  No  single  technique  yet  exists 
allowing  one  to  completely  characterize  nanoscale  thin  films,  but  several  techniques  can 
be  u.sed  in  combination  to  obtain  a  fairly  good  picture  of  the  resulting  materials. 

Ellipsometry  is  an  optical  technique  commonly  used  to  determine  film 
thicknesses.  Changes  in  the  amplitude  and  phase  of  elliptically  polarized  light  reflected 
from  a  surface  or  thin  film  are  measured.  If  the  refractive  index  of  the  film  is  known, 
then  the  film  thickness  can  be  calculated. 
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Figure  2:  Layer  thickness  vs  luirntxT  o\  layers  lor  Co/hipyndme  mninlayers 
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KUipsometry  data  for  multilayer  growth  of  Co2+-|Ni(CN)4)‘ -bipyndine  (Co-Ni 
bpy),  Co^'r-(Pd(CN)4|2‘-btpyridine  (Co-Pd-bpy),  Co2''’-|Pi(CN)4)^  -bipyridine  (Co  Pt- 
bpy)  and  a  control  Co- bpy  system  are  shown  in  Figure  2.  The  film  thicknesses  were 
calculated  assuming  a  refractive  index  of  1.50  for  all  films.  This  value  is  chosen  because 
hafnium-  and  zirconium-bisphosphonate  films  have  indices  in  this  range,  and  tt  is  an 
appropriate  choice  gtven  that  the  index  for  these  materials  is  not  known  Different  values 
of  the  index  in  the  range  1.45-1.60  give  similar  thicknesses. 

Figure  2  shows  that  tn  each  case  film  growth  is  occurring  in  the  early  stages,  but 
except  for  the  case  of  the  Co-Ni-bpy  sample,  layer  growth  becomes  very  irregular  after 
the  first  few  layers  The  consistency  of  layer  growth  is  best  for  the  Co-Ni-bpy  system, 
but  becorties  noticeably  worse  for  the  Co-Pd-bpy  system,  and  the  Co-Pt-bpy  system 
shows  no  advantage  over  the  control  Co-bpy  sample.  In  the  case  of  the  Co-Ni-bpy 
system,  uniform  layering  appears  to  continue  to  ~18  layers.  Thus  the  square  planar 
.MtCNla^-  complex  apparently  influences  the  degree  of  order  in  these  films,  and  also  the 
ability  to  continue  layer  grow  ih  beyond  the  first  several  layers 

Grazing  angle  X-ray  diffraction  (Figure  3)  shows  fringes  due  to  interference 
IxMcccen  reflections  of  x-rays  from  the  front  and  back  of  a  film  Film  thickness  is 
determined  using  the  Bragg  Fxiuation: 

nX  =  2dsin0  il) 

where  d  is  the  total  thickness  of  the  film,  n  is  the  order  of  reflecton  of  interference,  X  is 
the  x-ray  wavelength  and  0  is  tn  degrees.  The  ti.>tal  layer  thtekness  for  the  19-layer  Co- 
Pd-bpy  sample  is  calculated  to  be  91 .2  A,  By  dividing  simply  by  the  number  of  layers 
the  average  layer  thickness  is  4.8  A/layer.  This  number  is  deceptive  though,  because  our 
studies  show  that  layer  thickness  is  larger  for  the  first  several  layers  and  decreases 


Figure  .f;  (iraziiig  angle  x  ray  dillraclion  ol  a  19  layer  Co  Pd  hpv  multilayer 
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Figure  4:  Auger  Eleciron  Spectroscopy  data  of  Co/bipyridine  multilayers  prepared 
without  a  cross-linking  metal  cyanide  complex  . 

steadily  with  additional  layering.  This  indicates  that  the  overall  disorder  is  increasing 
with  tncreasing  numbers  of  layers. 

Auger  Electron  Spectroscopy  (AES)’^  was  performed  on  2-layer  Co-bpy,  Co-Ni- 
bpy,  Co-Pd-bpy,  and  Co-Pt-bpy  samples.  This  technique  was  used  to  qualitatively 
determine  the  elemental  composition  of  each  of  the  films.  Each  of  the  resulting  spectra 
were  very  similar.  The  silicon  peak  is  a  result  of  the  substrate  and  the  anchor  molecule. 

A  carbon  peak  is  expected,  indicating  the  presence  of  the  anchor  molecule  and/or 
bipyridine.  The  oxygen  peak  could  be  due  to  the  silicon  oxide  layer,  hydroxide 
coordinated  to  a  metal  center,  or  solvent  (water  or  acetone)  trapped  in  the  film.  It  is 
probably  a  combination  of  two  or  more  of  these  factors.  The  nitrogen  peak  is  small  and 
similar  in  each  of  the  samples,  including  the  control  prepared  without  a  cyanide  complex. 
This  indicates  that  the  metal  cyanide  complex  is  probably  not  present  in  the  resulting 
film.  However,  Auger  electrons  are  easily  absorbed  below  a  surface,  so  x-ray 
photoelectron  spectroscopy  (XPS)  may  be  a  more  conclusive  probe  for  nitrogen. 

Electron  probe  microanalysis  (EPMA)  was  used  analyze  Co-Ni-bpy  and  Co-Pd- 
bpy  samples  for  cobalt,  nickel  and  palladium.  Cobalt  was  found  in  each  case,  but  nickel 
and  palladium  were  not  detected  in  respective  samples.  This  supports  the  conclusion  that 
Co  is  incorporated  into  the  maicnals.  but  the  nickel,  palladium,  or  platinum  cyanide 
complexes  are  not  permanently  bound  in  the  films,  although  they  may  participate 
indirectly  in  film  growth. 

In  summary,  we  have  prepared  novel  organic-inorganic  multilayered  thin  films 
consi.sting  of  moderately  well-ordered  layers  of  cobalt  and  bipyridinc  grown  from  a 
amine-functionalized  silicon  surface.  Efforts  to  incorporate  metal  cyanide  complexes 
into  the  layer'd  matrix  have  so  far  been  unsuccessful,  but  the  metal  complex  has  been 
shown  to  be  a  significant  factor  in  the  successful  preparation  of  multilayer  films. 
Expenmenis  arc  underway  to  investigate  the  effects  of  varying  the  bridging  ligands  and 
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orgunic  consiiiuents  of  (he  system  in  order  improve  the  structural  properties  of  these 
unique  materials. 
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ABSTRACT 

Several  new  crystalline  bimetallic  alkoxide  precursors  for  barium  titanates  processing 
have  been  prepared;  UBa(Solv)2l2n'i(OArl6h)  (1)  (Solv  =  coordinated  solvent  molecule,  Ar  = 
aryl  group),  [Ba(CH20HCH20H)4(H20)l(Ti(0CH2CH20)3l  (2),  Ba|Ti2(OR)9l2  (3)  (R  = 
methyl,  ethyl,  and  n-propyl),  and  IBa(Bz0H)Ti20(0Bz)g]2  (4)  (Bz  =  benzyl).  These  precursors 
have  been  characterized  by  elemental  analysis,  IR,  NMR,  and  single-crystal  X-ray  diffraction 
techniques.  Compound  1  is  well-suited  for  sol-gel  processing  of  BaTiOj  powders  and  thin  films 
under  a  variety  of  conditions.  The  facile  preparation  of  2  using  relatively  inexpensive  staning 
materials  makes  it  a  viable  alternative  for  the  synthesis  of  BaTiOj  fine  powders.  Both 
compounds  3  and  4  are  fairly  moisture-sensitive;  hydrolysis  of  these  precursors  under  acidic 
conditions  affords  the  formation  of  gels  instead  of  precipitates.  The  reactivity  of  3  toward 
hydrolysis  can  be  tailored  by  varying  the  alkyl  group. 


INTRODUCTION 

Barium  titanates  are  important  electronic  ceramic  materials.  For  example,  barium  tiianate 
(BaTi03)  is  a  widely  used  dielectric  material  in  the  manufacture  of  multilayer  capacitors  1 1 J.  and 
BaTUOg,  832X19020,  and  BaTisOj  1  have  found  applications  in  microwave  communication  due 
to  their  high  dielectric  constants  and  low  dielectric  loss  (2).  Recent  investigations  have  focused 
on  the  preparation  and  processing  of  high  quality  materials  through  wet  chemical  routes  such  as 
coprecipitation  and  sol  gel  processing  13).  In  order  to  obtain  materials  with  improved  properties, 
an  understanding  of  the  chemistry  involved  in  these  processes  is  desirable.  As  a  first  step  in  this 
direction,  we  and  others  (4)  have  sought  to  prepare  fully  characterized,  single-source  precursors 
for  different  barium  titanate  materials.  In  this  paper,  we  report  the  synthesis,  characterization, 
and  properties  of  several  new  barium  titanium  alkoxides  suitable  for  this  purpose. 


{|Ba(Solv)2JlTi(OAr)6l) 

Solvated  barium  titanium  alkoxides  !IBa(Solv)2]lTi(OAr)6l)(l)  can  be  prepared  from 
barium  metal,  titanium  isopropoxide,  and  phenol  in  appropriate  solvents  at  ambient  temperature 
according  to  the  following  equation: 

ether  donor  solvent 

Ba-rTKOPril^  +  AtOH  - ► - l(Ba(Solv),l(Ti(OAr),]) 

25 -C 
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All  operations  are  carried  out  under  an  inert  atmosphere  using  Schlenk  and  dry  box  techniques. 
As  an  example,  reaction  of  barium  metal  with  one  equivalent  of  TifOPrila  (Pr*  =  isopropyl)  and 
excess  phenol  in  ether  at  room  temperature  yields  a  yellow  powder.  After  rccrystallization  of  the 
powder  from  a  DMF/ether  solution,  a  yellow  complex,  |[Ba(DMF)2)2lTi(OC6H5)6)2),  is 
obtained  in  analytically  pure  form;  the  overall  yield  is  73%  based  on  barium. 

The  solid-state  structure  of  |lBa(DMF)2)2rTi(CXZl6H5)6l2)  has  been  determined  using 
single  crystal  X-ray  crystallography,  and  its  metal-oxygen  core  structure  is  shown  in  Figure  1 .  It 
is  a  molecular  dimer  in  which  two  ITifOC^Hslel^'  groups  are  linked  by  two  [Ba(DMF)2|7+  units 
through  doubly  and  triply  bridging  OC6H5  ligands.  Each  DMF  ligand  is  coordinated  to  barium 
through  its  carbonyl  oxygen  atom.  The  metal-oxygen  core  structure  approximates  D2h 
symmetry:  the  two  Ba  atoms,  two  Ti  atoms,  and  four  doubly-bridging  OC6H5  oxygen  atoms  are 
virtually  coplanar. 

Several  derivatives  have  also  been  prepared  under  similar  conditions  using  different  Ar 
groups  and  solvents.  These  compounds  have  been  characterized  by  elemental  analysis  as  well  as 
IR  and  NMR  spectroscopy.  All  of  these  compounds  are  fairly  moisnire-sensitive.  By  varying 
the  solvent  molecule  (Solv)  and  the  alkoxy  group  (OAr),  it  is  possible  to  tailor  the  properties  of 
the  precursor  to  specific  needs.  For  example,  letting  Ar  =  C6H4CH3  instead  of  C6H5  or  Solv  = 
‘PiOH  instead  of  DMF  renders  the  molecule  highly  soluble  in  hydrocarbon  solvents. 

The  {[Ba(Solv)2llTi(OAr)6l)  molecules  are  well-suited  for  sol-gel  processing  of  BaTiOt 
under  a  variety  of  conditions.  Nanocrystalline  barium  tiianate  powders  and  thin  films  have  been 
prepared  using  these  precursors. 


Figure  1.  The  metal-oxygen  core  of  llBa(DMF)2]2|Ti(OC6H5)6l2)  structure.  Titanium  atoms 
are  represented  by  small  filled  circles,  barium  atoms  by  heavily  shaded  circles,  and  oxygen  atoms 
by  large  open  circles.  Carbon,  hydrogen,  and  nitrogen  atoms  are  not  shown. 
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lBa(CH20HCH20H)4(H20)irri(0CH2CH20)3) 


Technical  grade  BaO  fine  powder  reacts  exothermically  with  ethylene  glycol  to  form  a 
slightly  cloudy  suspension.  Rapidly  addition  of  one  equivalent  of  Ti(OPr*)4  to  the  suspension 
accompanied  by  vigorous  stirring  yields  analytically  pure  [Ba(CH20HCH20H)4(H20)l 
(Ti(0CH2CH20)3]  (barium  titanium  glycolate  or  BTG)  as  a  white  crystalline  precipitate  in  95  ‘7c 

BaO  +  7  CHjOHCHjOH  +  TifOPr*)^  - ► 

(Ba(CH2OHCH2OH)4(H2O)](Ti({X:H2CH20)3)  +  4‘PtOH 
(BTG) 

yield.  This  compound  exhibits  moderate  moisture-sensitivity.  Upon  exposing  BTG  to  the  air  for 
a  few  hours,  absorption  of  water  has  been  observed.  Nevertheless,  preparation  and  manipulation 
of  BTG  can  be  quickly  carried  out  in  the  air  with  little  difficulty.  BTG  is  only  poorly  soluble  in 
ethylene  glycol  at  room  temperature  and  is  virtually  insoluble  in  the  commonly-used  organic 
solvents  we  have  tested.  It  has  been  characterized  by  elemental  analysis,  IR  spectroscopy,  and 
single  crystal  X-ray  crystallography. 

The  solid-state  structure  of  BTG  consists  of  discrete  [Ba(CH20HCH20H)4(H20)]2+ 
cation  and  [Ti((X;H2CH20)3]2-  anion  (Figure  2).  Three  bidentate  [0CH2CH2O12-  ligands  are 
octahedrally  coordinated  to  the  Ti^-*’  center  in  the  anion.  In  the  cation,  a  water  molecule  and  four 
ethylene  glycol  molecules  are  coordinated  to  a  nine-coordinate  Ba2+  cation. 


(a)  (b) 

Figure  2.  The  structures  of  (a)  the  lBa(CH20HCH20H)4(H20)l2'^  cation  and  (b)  the 
[Ti(0CH2CH20)3l^-  anion  in  crystalline  lBa(CH20HCH20H)4(H20)l(Ti((X;H2CH20)3].  The 
titanium  atom  is  represented  by  a  small  filled  circle,  the  barium  atom  by  a  heavily  shaded  circle, 
oxygen  atoms  by  large  open  circles,  and  carbon  atoms  by  lightly  shaded  circles.  Hydrogen 
aioms  are  not  shown. 
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The  poor  solubility  of  compound  2  in  commonly-used  solvents  precludes  study  of  us 
hydrolysis  behavior  and  application  for  sol-gel  thin  film  deposition.  Nevertheless,  its  facile 
preparation  using  relatively  inexpensive  starting  materials  makes  it  a  viable  alternative  for  the 
manufacture  of  BaTiOy  fine  powders. 


BalTi2(OR),l2 

The  synthesis  of  Ba(Ti2(OR)9l2  (3)  (R  =  methyl,  ethyl,  and  n-propyl)  is  carried  out  by 
reacting  BaH2  with  the  appropriate  alcohol  followed  by  addition  of  the  corresponding  titanium 
alkoxide  according  to  the  following  equations; 

BaHj  +  2ROH  - ►  BafORlj  + 

Ba(OR)2  +  4Ti(OR)4  - BalTi2(OR),,l2 

Compounds  3  were  isolated  as  ciystalline  precipitates  which  are  highly  soluble  in  hydrocarbon 
solvents.  The  structure  of  the  n-propoxide  BalTi2(OPt*')9]2  has  been  determined  and  is  shown  in 
Figure  3.  In  this  structure,  two  lTi2(OR)9)-  are  linked  by  a  Ba2+  cation  through  doubly  and  triply 
bridging  alkoxy  ligands  to  form  a  molecular  complex.  The  same  structure  has  recently  been 
reported  by  Tutevskaya,  ei  eU.  for  the  Ba(Ti2(OEl)9)2  molecule  I4e).  The  reactivity  of  3  toward 
hydrolysis  can  be  tailored  by  varying  the  alkyl  group.  Replacing  R  =  ethyl  by  n-propyl,  for 
example,  dramatically  decreases  reactivity  of  3  toward  h/drolysis.  Hydrolysis  of  3  (R  =  ethyl) 
with  excess  amounts  of  water  affords  the  formation  of  a  white  precipitate,  in  the  presence  of  a 
catalytic  amount  of  strong  acid,  however,  a  transparent  gel  is  obtained. 


Figures.  The  metal  oxygen  core  of  Ba(Ti2(OPr'')9J2  structure.  Titanium  atoms  are  represented 
by  small  filled  circles,  the  barium  atom  by  a  heavily  shaded  circle,  and  oxygen  atoms  by  large 
open  circles.  Carbon  and  hydrogen  atoms  are  not  shown. 
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!Ba(Bz0H)Ti20(0Bz)sh 


[BaT;20(0Bz)8(Bz0H)J2  (Bz  =  benzyl)  (4)  is  prepared  by  first  reacting  BaH2  with 
excess  BzOH  and  then  adding  a  solution  of  Ti2(OBz)8(BzOH)2  in  benzene.  Compound  4  is 

BaHj  +  BzOh  i  rijCOBzigfBzOHlj  - (BalBzOHlTijOfOBzigl, 

isolated  as  aiialytically  pure  white  crystals  and  has  been  characterized  by  NMR  and  IR 
spectroscopy.  The  solid-state  structure  of  4  is  shown  in  Figure  4,  in  which  two  [Ti20<0Bz)j()- 
units  are  linked  by  two  (Ba(BzOH)l2+  groups.  This  complex  is  also  fairly  moisture-sensitive 
Hydrolysis  of  4  yields  a  precipitate  immediately,  whereas  a  transparent  gel  is  formed  in  the 
presence  of  a  strong  acid. 


Figure  4.  The  metal-oxygen  core  of  |Ba(Bz0H)Ti20(0Bz)g)2  structure.  Titanium  atoms  are 
represented  by  small  filled  circles,  barium  atoms  by  heavily  shaded  circles,  and  oxygen  atoms  by 
large  open  circles.  The  alcohol  oxygen  atoms  are  labeled  as  Oa.  oxide  oxygen  atoms  as  Ob.  and 
the  alkoxide  oxygen  atoms  remain  unlabeled.  Carbon  and  hydrogen  atoms  are  not  shown. 


To  summarize,  various  alkoxide  ligands  have  been  employed  to  prepare  barium  titanium 
alkoxides  with  Ba:Ti  ratios  of  1 : 1 , 1  ;2,  and  1 :4.  These  precursors  exhibit  physical  and  chemical 
properties  that  are  well-suited  for  processing  barium  titanates  under  various  conditions.  We  are 
currently  investigating  and  optimizing  these  conditions. 
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ABSTRACT 

Silica  aerogels  are  sol-gel  derived  nanostructured  materials  with  high  porosities  up 
to  99.8%.  The  nanostructures  of  silica  aerogels  are  investigated  by  HET,  SEM,  S.\XS 
techniques.  A  typical  fracta.  structure  is  found  especially  for  base-catalyzed  aerogels 
That  is  the  aerogels  are  made  of  particles  of  size  o,  these  particles  form  the  branching 
and  interconnecting  networks  up  to  an  average  cluster  size  {  ,  At  length  scales  above 
the  material  is  an  homogeneous  asseiisbly  of  such  clusters;  between  a  and  (,  the  structure 
is  fractal.  .Meanwhile,  the  effects  of  catalysis  and  aging  on  the  structures  are  investigated 
and  discussed.  The  reasons  why  SOD  t.^chnique  should  be  used  are  also  deeply  discussed. 

INTRODUCTION 

Silica  aerogels  are  sol-gel  derived  solid  materials  with  porosities  from  about  80%  to 
99.8%;  1  The  high  porosity  is  achieved  via  supercitical  drying(SCD)  technique.  It  differs 
markedly  in  structure  and  appearance  from  other  low  desity  materials  such  a.s  feather, 
cotton,  sponge  or  insulating  foams.  The  nanoporosity,  i.e.,  the  porosity  in  the  nanometer 
region,  which  is  typical  of  aerogels  endows  them  with  numerous  special  properties  such 
as  low  index  of  refraction,  small  Young’s  modulus,  low  acoustic  impedance,  low  thermal 
conductivity,  excellent  accessibility  of  inner  surface  and  so  on.  Interest  in  aerogel.s  i.s 
growing  progressively,  more  and  more  applications  have  been  realized'2l  There  is  also 
an  upsurge  in  basic  research  on  aerogelsj.3,4i  .  .Scientists  started  to  make  and  investigate 
aerogels  with  fractal  structure,  to  derive  the  density  of  states  of  aerogels  or  to  measure 
their  low  temperature  thermal  conductivity  or  heat  capacity.  Almost  all  of  the  special 
properties  are  due  to  their  nanoporosity,  therefore,  the  investigation  of  nanostructure  of 
aerogels  is  a  hot  spot  of  material  science  as  well  as  condensed  mailer  physics. 

PREPARATION 

Sol-gel  process 

The  silica  aerogels  arc  prepared  through  sol-gel  process  from  TEOS.  The  sol-gel  pro- 
ce.ss,  i.e.,  the  hydrolysis  and  polyconden.sation  of  organosilicon  precursors  denotes  the 
tran.sition  of  a  system  of  colloidal  particles  in  a  solution  into  a  disoniered,  branched, 
continuous  network  interpenetrated  by  a  liquid  of  water,  alcohol  etc.  It  ran  be  described 
by  two  reaction  steps,  hydrolysis  of  TEOS  by  addition  of  water  and  a  catalyst: 

5i(OCj//s)4  f  4IhO  Si(0//U  *  \CilhOU  (l) 

and  the  silicic  acid  condcn.scs  by  expelling  water: 

2S.(0//),  —  (O/flsS.  -  O  -  Si(Of/)3  +  JTjO  (2) 

The  sol-gel  process  is  quite  different  under  different  catalyst  conditions  because  the  re¬ 
action  rates  of  hydrolysis  and  condensation  are  quite  different  under  different  PH  values. 
Therefore,  the  nanostructure  of  aerogels  derived  is  quite  differentjs].  Normally,  under 
acidic  conditions,  hydrolysis  is  completed  before  condensation  starts,  the  slow  conden¬ 
sation  reaction  of  the  silicic  acid  monomers  leads  to  the  formation  of  polymer-like  silica 
chains,  resulting  in  a  weakly  cross-linked,  low  density  network.  While  under  basic  condi¬ 
tions,  hydrolysis  i.s  the  limiting  step,  i.e.  whenever  a  monomer  is  hydrolyzed,  it  condenses 
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rapidly.  I'his  behavior  leads  to  the  growth  of  comparatively  dense,  colloidal  particles; 
their  final  size  depends  on  the  temperature  and  on  the  PH  value  of  the  solution.  The 
catalysts  used  are  normally  hydrochloric  acid  and  ammonia  solution,  the  main  purpose 
is  lo  reguiale  the  value. 


Drying  process 

The  gel,  still  embedded  in  the  solvent,  which  consists  mainly  of  alcohol  with  some 
water  and  catalyst,  is  called  an  alcogel.  The  drying  process  consists  in  eliminating  the 
interstitial  liquid  phase,  when  an  alcogel  is  dried  under  ambient  condition,  the  following 
sequence  of  events  is  observed:  progressive  shrinkage  and  hardening,  stress  -development 
and  fragmentation.  This  is  due  to  the  capillary  forces.  While  a  liquid  evaporates  from  a 
porous  material  the  solid  phase  is  subjected  to  forces  due  to  capillary  phenomena  at  the 
solid-liquid-gas  interface.  The  capillary  pressure  Ap  of  a  cylindrical  capillary  of  radius  r 
and  a  liquid  having  a  wetting  angle  B  is. 


Ap  -  pr 


2'^co.^B 


(3) 


where  ^  is  the  surface  tension.  In  a  drying  gel  there  are  capillary  pores  and  gaps  of 
different  sizes  and  shapes.  Fig.l  shows  variations  of  Ap  as  a  function  of  r  for  water  with 
■)  -  O-OT'iOAVm  and  ethanol  with  •>  =  0.0224N/m  (the  wetting  angle  taken  was  9  ~  0). 
Obviously,  wnile  the  pore  size  is  about  several  nanometer,  the  capillary  force  is  e’Clerrnly 
large. 


Kig.l  The  capillary  pressure  Ap  of  cylindrical  capillary  of  radius  r  for  watei  and 

ethanol. 


The  size  of  pores  of  an  alcogel  is  about  Inm  to  lOOnm.  In  the  first  stage  of  drying, 
the  volume  shrinkage  is  equal  to  thv  volume  of  water  lost  by  evaporation.  This  keeps  the 
fluid  meniscus  at  the  surface  of  the  gel  body  as  shown  is  fig. 2(a).  This  stage  continues 
till  the  solid  skeleton  attains  certain  strength.  In  this  situation,  the  volume  shrinkage 
rate  no  longer  maintains  the  fluid  meniscus  at  the  surface;  the  liquid  tries  to  flow  to  the 
surface  of  the  gel  to  avoid  the  more  energetic  solid/vapour  interface{fig.2(b)).  This  is 
the  first  falling  rate  period.  Usually  crack  occurs  during  this  period.  In  the  last  stage  of 
drying,  called  the  second  falling  rate  period,  the  funicular  distribution  of  water  inside  the 
pores  becomes  pendular.  Now  the  liquid  transport  is  only  by  diffusion  of  vapour  from  the 
interior(fig.2  (cj).  Normally  fragmentation  occurs  during  this  period  because  numerous 
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nii'r.istus  arp  turned  in  much  smaller  pores  now(fig.3)  .  The  dried  gels  ohtaine<i  liere  are 
called  xerogels. 


In  order  tc  avoid  shrinkage  and  cracking,  i.e.  to  preserve  the  structure  of  the  wet 
state,  the  most  efficient  way  is  to  removing  the  solvent  supercritically|6]  during  which 
the  liquid-vapor  phase  transition  is  avoided.  In  this  experiment,  the  supercritical  drying 
(Sf'D)  is  performed  near  ambient  temperature  using  liquid  carbon  dioxide  which  has  a 
low  critical  tcmperature(Tt  --  31.0“C,  Pc  73.9bar)  for  safety  purpose.  Therefore,  the 
pore  liquid  must  be  exchanged  for  liquid  carbon  dioxide  before  drying;  this  is  carried  out 
in  an  autoclave.  A  complete  solvent  exchange  may  require  a  long  time  depending  on  (he 
sample  size.  Fig.  t  is  the  pressure  in  the  autoclave  vs.  time  during  a  normal  SCD.  It  also 
shows  the  whole  SCD  process.  The  dried  gels  derived  through  SCD  are  called  aerogels. 
The  density  of  aerogels  derived  here  varico  from  60fcg/m*  to  400fcg/m®  depending  on  the 
preparation  conditions. 


gel  skeleton 


pore  fluid 


III 


c 


Fig. 2  Three  different  stages  of  drying:  (a) 
constant  rate  period,  (b)  first  falling  rate 
period  and  (c)  second  falling  rale  period, 
alcogel. 


Fig. 3  Capillary  forces  during  drying  of 


raise  temperature 

supercritical  point 

80  ^  .  .  ■ - ^ 

■  solvent  exchange  [ 


Fig. 4  The  pressure  in  the  autoclave  vs.  time  during  SCD. 


STRUCTURE  INVESTIGATION 
HET  and  XRD 

BET-adsorption/desorption  is  a  wide-spread  technique  for  determining  the  specific 
surface  area  of  porous  materials.  The  BET  used  here  is  a  Micromeritics  FlowSorb  II  2300. 
The  experimental  results  show  that  the  specific  surface  of  the  aerogels  derived  here  is  very 
high,  it  varies  from  200m^/g  to  600m^/g.  Normally,  the  lower  the  density,  the  higher  the 
specific  surface.  Therefore  aerogels  are  materals  with  high  porosity.  Also,  XRD  spectra 
show  no  character  peaks  for  SiOj  crystal,  aerogels  are  composed  of  non-crystalline  silica. 
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SKM 


SKM  'an  yield  a  direct  imago  of  the  structure.  Morpholog^ical  features  such  as  par¬ 
ticle  shapes,  particle  arrangements,  etc.,  can  be  recognized,  Quantit.itlve  estimates  for 
pore  or  particle  sizes  can  be  obtained,  although  the  derivation  of  size  distributions  is 
rather  lanorious.  Fig. 5  is  SFAl  photographs  of  aerogels  derived  from  different  preparing 
conditions;  (a)  is  a  typical  aerogel  from  acidic  condition  while  (b)  is  typically  from  basic 
i-ondition,  the  other  conditions  are  same.  Obviously,  the  size  distribution  of  pores  of  (a) 
is  relatively  narrow  (10~-50nm)  while  that  of  (b)  is  quite  wide(10— 300nm).  This  is  due 
to  the  different  sol-gel  process  as  well  as  the  syneresis  during  aging  and  SCD. 


(h) 

Fig, 5  SEM  photographs  of  aerogels  devived  from  different  conditions 


After  gdation  the  gel-body  ages,  sol  particles  and  small  rlusters  in  the  solution  at¬ 
tach  to  the  spanning  cluster  and  extend  the  gel  network.  Moreover,  all  the  condensation 
reactions(Eq.2)  that  cau.sed  gelation,  continue;  even  continue  during  the  SCD  process. 
The  syneresis  is  ii.sually  caused  by  condensation  between  neighbouring  silanol  groupsT] 
(fig.fi).  For  base-catalyzed  gels,  most  of  the  condensing  groups  arc  located  on  neigh¬ 
bouring  surfaces  w  hich  causes  less  shrinkage  and  expulsion  of  water  (fig.bU)).  While  for 
acid-catalyzed  gels  which  have  a  flexible  polymerlike  network,  most  of  the  condensing 
groups  are  located  on  neighbouring  branches  or  chains  (fig  6(b)),  shrinkage  is  particularly 
extensive  and  the  pore  size  thus  is  limited  considcrablely. 


Fig. 6 


(a)  ...  (‘>) 

Condensation  botwocn  neighbouring  silanol  groups 


SAXS 

Small  angle  X-ray  scatlering(SAXS)  is  known  to  be  one  of  the  most  powerful  non¬ 
destructive  techniques  to  explore  the  structure  of  ae  ogels.  SAXS  experiments  in  areogels 
offen  give  evidence  of  three  regimes,  corresponding  to  three  different  structural  ranges(8j. 
At  small  q  values,  the  crossover  between  a  nearly  ^-independent  intensity  and  a  power- 
law  behaviour  I(q)  <x  q  reflects  the  existence  of  an  homogeneous  structure  at  large 
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Table  I;  Size  distrihution  of  particles  derived  frorii  Fig. 7 


Cv  rat  ion  rac 
1  .SO' 
I.TH 
7.670 
0.016 
15.876 
22.211 


diij.s'fnriil  Drameferfnni)  1  Tlatio 

7  •  ^  -  .f.gOT  1  0.5111 


n.2i5 

19.803 

25.602 

40.993 

57.318 


0.333 

0.084 

0.046 

0.021 

0.005 


scales  and  of  a  frart.il  geometry  at  smaller  ones.  Here,  D  i.s  the  fractal  dimetisioii, 
which  describes  the  scaling  of  the  mass  in  the  porous  .structure  of  the  aerogels.  .\l  the 
smaller  scales,  the  fractal  domain  is  also  limited  by  the  granularity  associated  with  dense 
particles.  Here,  a  second  crossover  in  Hq)  is  observed.  At  larger  q,  the  scattering  is 
dotninated  by  the  density  fluctuations  a  elated  with  particle  surface;  again  a  power 
law  decay  of  the  intensity  follows  l(q)  oc  q  can  be  observed.  D,  is  the  surface  fractal 
dimetusion.  which  equals  2,  in  the  case  of  a  smooth  surface,  where  a  decay  proportional  to 
q  *  i.s  observed  known  as  I’orod’s  law'9!.  8mall-angle  X-ray  scattering  measurements  were 
room  temperature  using  an  apparatus(D/max-RB)  with  a  0.5mm '  0.5mm 
point  focus  CuK,,  incident  beam.  Fig. 7  is  the  S.AXS  result  of  a  base-catalyzed  aerogel 
with  a  density  of  140  ky-rn'.  ,M  small  q,  one  obseves  the  power  law  characteristic 
of  fractal  structure.  From  the  slope,  a  £•  s:  2.1  is  deduced.  The  rros.sovcr  from  a 
q-iudependent  intensity  to  this  power  law  region  at  about  q  k  0.ui)6.4  '  denotes  the 
correlation  length  is  about  lOOnm.  .At  about  q  a:  0.03/1' a  crossover  to  surface 
scattering  is  observed  too;  the  slope  is  about  -4,  therefore  the  surface  of  the  colloidal 
particles  is  quiet  smooth,  and  their  size  a  is  about  20nm.  Between  ^  and  a,  the  structure 
is  fractal  w  ith  a  fractal  dimension  of  about  2.1. 


Aave-veclo/  {A'*) 


Fig. 7  SAXS  result  of  a  base-catalyzed  aerogel 


Furthermore,  with  the  fitness  of  a  computer,  the  SAXS  can  give  the  size  distribution 
of  particles  (Table  I),  This  i.s  quiet  consists  with  the  TEM  results. 

The  SAXS  experiments  also  show  that  the  extent  of  the  fractal  range  of  the  base- 
catalyzed  aerogels  decreases  with  increasing  density,  and  for  acid-catalyzed  aerogels  it 
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is  coMsidorabk'ly  diminished.  VVilhiii  fractal  range  the  structure  looks  the  same  at  all 
lengths  J  >  L  >  a.  This  is  called  self-similarity  or  dilation  symmetry.  This  character  is 
typical  for  base-catalyzed  aerogels. 

CONCLUSION 

Silica  aerogels  are  prepared  through  sol-gel  process  from  TEOS.  The  reason  why  SCD 
technique  should  be  used  is  discussed.  The  nanostructure  of  aerogels  are  investigated 
via  BET,  SE.\I  and  SAX?  techniques  and  a  typical  fractal  structure  is  found  espcctially 
for  base-catalyzed  aerogels.  The  effects  of  catalysis  and  aging  on  the  structure  are  also 
i[ivesligale<i  and  discussed. 
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ABSTRACT 

Incoherent  inelastic  neutron  scattering  (IINS)  measurements  of  hydrogen  bound  to  Ir^ 
clusters  in  the  naiioscaie  pores  of  zeolite  NaY  and  similar  clusters  in  KL  zeolite  are  reported. 
On  the  basis  of  hydrogen  uptake  measurements  and  the  observation  of  peaks  in  the  IINS  spectra, 
we  infer  that  hydrogen  is  bound  to  the  metal  nanoclusters  in  the  zeolite  pores.  The  IINS  data 
for  both  zeolites  are  similar  and  consistent  with  the  presence  of  IrH,  species. 


INTRODUCTION 

Most  catalytic  materials  used  in  commercial  technology  are  complex,  consisting  of  multiple 
co.Tiponcms  and  phases.  Noble  metals  are  common  catalytic  components,  generally  being 
present  in  small  amounts  (typically,  1  wt%)  as  highly  dispersed  particles  or  clusters  on  the 
surface  of  a  porous  ceramic  material  called  a  support.  Because  supported  metal  clusters  are 
sometimes  smaller  than  1  nm  in  diameter  and  nonuniform  in  size  and  shape,  it  has  been  difficult 
to  understand  their  structures  and  thus  the  relationships  between  structure  and  performance. 
Consequently,  researchers  have  striven  to  prepare  supported  metal  clusters  that  are  nearly 
uniform  in  size  and  structure,  often  by  attempting  to  confine  the  metal  clusters  in  the  small  cages 
of  molecular  sieve  zeolites.  The  research  summarized  here  is  an  investigation  of  iridium  clusters 
in  the  cages  of  zeolites  Y  and  L  utilizing  incoherent  inelastic  neutron  scattering  (IINS) 
spectroscopy. 

Some  of  the  important  unanswered  questions  about  structure  of  supported  metal  catalysts 
have  to  do  with  the  nature  of  the  hydrogen  on  their  surfaces.  Hydrogen  is  typically  present  as 
protons  in  hydroxyl  groups  terminating  the  surfaces  of  ceramic  supports.  Furthermore,  H, 
adsorbs  dissociabvely  on  metal  surfaces  to  give  atomic  hydrogen  species.  When  the  metal 
particles  are  large,  the  maximum  ratio  of  hydrogen  to  surface  metal  atoms  is  often  <  1. 
However,  when  the  metal  is  present  in  clusters  as  small  as  1  nm  in  diameter,  the  maximum  ratio 
can  become  somewhat  larger.  For  example,  in  the  case  of  Ir,  the  H.Tr  ratio  can  approach  3  and 
probably  depends  on  the  nature  of  the  support.' 

Because  of  the  nonuniformity  of  supported  metal  catalysts  and  the  lack  of  sensitivity  to 
hydrogen  of  the  commonly  used  spectroscopic  characterization  methods,  it  is  difficult  to 
determine  the  chemical  nature  of  hydrogen  associated  with  highly  dispersed  metal  clusters. 
Characterization  of  such  materials  by  extended  X-ray  adsorption  fine  structure  (EXAFS) 
spectroscopy'  showed  that  there  are  typically  two  metal-oxygen  distances  in  such  samples,  one 
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about  0.21  nni  and  one  about  0,26  nm.  It  has  been  suggested  that  the  relative  amounts  of  the 
structures  characterized  by  these  two  distances  are  determined  by  how  much  hydrogen  is  present 
on  the  metal  and  at  the  interface  between  the  metal  and  the  support.' 

Our  goal  was  to  use  IINS  measurements  to  characterize  the  hydrogen  in  highly  dispersed 
supported  metals.  The  catalyst  samples  were  iridium  supp-'-led  in  zeolites  Y  and  L.  Iridium 
was  chosen  because  the  H:Ir  ratio  is  greater  than  that  observed  for  other  supponed  metals'  and 
because  earlier  work'  indicated  that  extremely  small  Ir  clusters  of  nearly  uniform  size  could  be 
prepared  in  the  cages  of  zeolites, 

IINS  is  well-suited  to  studies  of  the  dynamics  of  hydrogen  interacting’  with  solid-state 
materials  such  as  supported  metal  catalysts,  since  the  incoherent  neutron  scattering  cross  section 
for  hydrogen  is  ca.  10-30  times  that  of  other  nuclei.  Thus  IINS  spectra  will  favor  those 
s  ibrational  nuxies  associated  with  displacement  of  the  hydrogen  nuclei.  Furthermore,  in  contrast 
10  other  photon  or  electron  spectroscopies,  there  are  no  dipole,  polarizability,  surface,  or 
symmetry  selection  rules,  so  in  principle  all  modes  may  be  observed.  Finally,  neutron  scattering 
intensities  are  proportional  to  the  number  of  scattering  nuclei,  allowing  estimates  of  surface 
coverage,  and  they  are  easily  calculated,  a  valuable  aid  in  making  mode  assignments. 

EXPERIMENT.4L 

The  synthesis  of  Ir  clusters  in  NaY  zeolite  was  performed  by  a  method  similar  to  that 
described  by  Kawi  et  al.'  The  synthesis  and  sample  transfers  were  carried  out  with  exclusion 
of  air  and  moisture  Oii  a  double-manifold  .Schlenk  vacuum  line  and  in  a  N;-purged  glove  box. 
CO  (Matheson,  UHP  grade")  was  purified  by  passage  through  a  trap  containing  panicles  of 
activated  y-Al^O,  at  a  temperature  >523  K  to  remove  traces  of  metal  carbonyls  and  through  a 
trap  containing  activated  zeolite  to  remove  traces  of  moisture,  [IrfCOfjfacac)]  (Strem")  was  used 
as  received  Hexanes  (Aldrich,  Reagent  Grade")  were  degassed  by  purging  with  Nj  for  30  min 
before  use,  NaY  zeolite  powder  (LZY-52,  Union  Carbide,’  unit  cell  size  2.47  nm,  SiOj/AhO, 
ratio  4.74)  was  evacuated  to  0.1  Pa  at  room  temperature  before  use. 

In  a  2.50-mL  Schlenk  flask,  20g  of  NaY  zeolite  was  slurried  with  0.16  g  of  (Ir(CO),(acac)] 
in  hexanes.  The  white  zeolite  powder  became  dark  brown,  and  the  initially  greenish-black 
solution  became  clearer  after  stirring  for  several  hours.  The  slurry  was  stirred  for  three  days, 
and  the  solution  became  colorless,  indicating  the  uptake  of  the  [Ir(CO)3(acac)]  by  the  zeolite. 
The  solvent  was  removed  by  evacuation  overnight.  The  zeolite  contained  0.8  wt%  Ir, 

(Ir„(CO)|(]  was  formed  in  the  zeolite  as  follows:  in  the  presence  of  flowing  CO  (15  mL/min) 
at  atmospheric  pressure,  the  sample  was  heated  to  403  K,  held  there  for  15  h,  then  cooled  back 
down  to  room  temperature.  The  infrared  spectrum  of  the  zeolite,  in  agreement  with  that  of 
Kawi  et  al.,'  indicates  the  formation  of  [IrsfCOfu]  in  the  zeolite.  The  sample  was  light  yellow. 
Attempts  to  extract  the  [Ire(CO),J  from  the  zeolite  by  contacting  the  sample  with  solutions  of 
letrahydrofuran  or  bis(triphenylphosphoranylidene)  ammonium  chloride  in  tetra-hydrofuran  were 
not  successful,  consistent  with  the  entrapment  of  the  clusters  in  the  supercages  of  the  zeolite. 
Further  treatments  to  decarbonylate  the  clusters  were  made  with  the  zeolite  contained  in  the  IINS 
sample  cell.  The  sample  is  referred  to  in  the  text  as  Ir/NaY  zeolite. 

Ir  clusters  in  KL  zeolite  were  synthesized  by  an  impregnation  method  similar  to  that  used 
for  NaY  zeolite.  [IrlNHilsClJClj  was  prepared  by  refluxing  KsPrCIJ  •3H20  with  (NH^ijCOj 
and  NH4CI  in  water  under  an  atmosphere  of  NH3,  The  product  was  recrystallized  and  washed 
with  aqueous  solutions  of  HCl  and  then  ethanol.  KL  zeolite  (Union  Carbide,’  K;  Al  atomic  ratio 
=  1 .03)  was  washed  with  water  until  the  pH  of  the  wash  solution  was  9.5,  then  dried  in  air  and 
cnished  into  a  fine  powder.  [Ir(NHj)3Cl]Cl2  was  dissolved  in  40  mL  of  water  by  heating  to  343 
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K  and  adding  a  few  drops  of  HNOi.  The  pH  of  the  solution  was  adjusted  to  7  0  by  addition  of 
NHjOH,  and  the  solution  was  then  added  dropwise  to  the  zeolite.  The  slurry  stood  for  3  h  and 
the  resultant  solid  was  dried  overnight  at  393  K.  The  zeolite  contained  2  wt%  Ir.  f'urther 
details  of  similar  preparations  and  reductions  are  to  be  reported  elsewhere  '  Treatments  to 
reduce  the  Ir-containing  KL  zeolite  were  made  with  the  zeolite  contained  in  the  HNS  sample 
cell.  The  sample  is  referred  to  as  Ir/KI  zeolite. 

Tor  the  IINS  studies,  between  10-15  g  of  the  Ir-containing  zeolite  powder  was  loaded,  using 
a  lieliuni  filled  glove  box,  into  thin-walled  aluminum  or  stainless-steel  tubular  cells, ■*  in  which 
in  situ  santpie  treatments  under  flowing  gas.  evacuation  and  hydrogen  adsorption  at  elevated 
temperatures  could  be  performed  He  (Air  Products,'  39.995%),  (Spectra  Gases,'  research 
grade)  and  Pi  (Malheson',  97 %D)  gases  used  for  dccarbonylation  and  hydrogen  activation  were 
purified  by  passage  through  traps  containing  particles  of  Cu,0  and  of  activated  zeolite  to  remove 
traces  of  O,  and  moisture,  respectively.  IINS  scattering  data  were  obtained  at  the  Neutron  Beam 
Sniit-Core  Reactor  (NBSR)  at  the  National  Institute  of  Standards  and  Technology.  Gaithersburg, 
MO.  using  the  BT-4  spectrometer  with  a  liquid-nitrogen-cooled  Be  filter  analyzer.  A  Cu  (220) 
monochromator  with  40"  pre-  and  post-monochromator  collimations  was  used  to  cover  the 

energy  range  31-160  meV  (1  meV  =  8.065  cm  ').  The  energy  resolution  varied  from - 4 

meV  at  35  meV  to  10  meV  at  160  meV.  IINS  measurements  were  made  with  the  sample  cooled 
to  ca.  10  K.  Data  were  corrected  for  fast  neutron  background  contributions. 

RESULTS 

Reduction  or  dccarbonylation  of  the  clusters  in  both  the  Ir/KL  and  Ir/NaY  zeolites  was  done 
with  the  samples  contained  in  the  IINS  cells.  After  treatment  with  tlowing  Hj,  the  zeolites  were 
either  purged  with  He  for  0.5  h  or  evacuated  to  remove  gaseous  H.,  from  the  cell,  which  may 
contribute  to  the  .scattering  signal.  Data  were  collected  at  each  stage  of  treatment,  .nnd  by 
comparison  of  relative  scattering  intensities,  a  check  could  be  made  on  the  sample  integrity, 

3  he  Ir  clusters  in  KL  zeolite  were  reduced  by  treatment  in  flowing  H,  at  atmospheric 
pressure  by  slowly  raising  the  temperature  to  573  K,  holding  there  for  1  h,  and  cooling  back 
down  to  room  temperature.  After  measurement  of  the  vibrational  spectra,  the  hydrogen-treated 
clusters  were  evacuated  at  573  K  for  2  h,  and  another  vibrational  spectrum  was  taken.  Figure 
la  shows  the  spectrum  following  this  evacuation  treatment,  which  was  found  to  desorb  H 
associated  with  the  Ir  clusters.  For  the  purpose  of  background  data,  the  IINS  spectrum  of 
dehydrated  KL  zeolite  was  measured  after  heating  at  573  K  for  I  h  and  cooling  to  room 
temperature,  both  under  flowing  Hj,  a  treatment  identical  to  that  used  to  reduce  the  Ir/KL 
zeolite.  The  spectra  obtained  were  identical  to  that  obtained  for  the  Ir/KL  zeolite  after 
evacuation  at  573  K,  shown  in  figure  la.  As  a  result,  the  data  in  figure  la  were  used  as  the 
‘blank'  Ir/KL  zeolite  spectrum  for  subsequent  data  obtained  following  Hj  adsorption. 
Additionally,  spectra  obtained  for  the  hydrogen-treated,  dehydrated  XL  zeolite  before  and  after 
a  He  purge  to  remove  gaseous  Hj  were  indistinguishable,  showing  that  residual  Hj  gas  in  the 
IINS  cell  was  not  contributing  to  the  observed  scattering  signal. 

The  scattering  features  observed  for  the  blank  Ir/KL  (fig.  la)  and  dehydrated  KL  zeolite  are 
contributions  from  hydrogen  riding  on  lattice  vibrations  and  from  hydroxyl  groups  present  in  the 
zeolite.  These  hydroxyl  groups  are  associated  with  the  cations  and  termination  sites  at  the  edges 
of  zeolite  crystallites.  The  vibrational  features  have  previously  been  assigned  to  the  wagging 
modes  of  hydroxyl  groups  and  with  pore  opening  modes  of  the  zeolite  framework.'* 

The  clusters  in  the  blank  Ir/KL  zeolite  were  reexposed  to  in  amounts  equivalent  to 
coverages  of  1  and  2  H's  per  Ir.  These  reexposures  were  followed  by  a  temperature  ramp 
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Figure  1  (left).  IlNS  spectra  of  Ir/KL  zeolite  (a)  af’er  evacuation  of  cluster-adsorbed  hydrogen 
at  598  K  ^or  2  h.  and  after  readsorption  yielding  (b)  IH/lr  and  (c)  1.7  H/lr. 

Figure  2  (right).  Difference  spectrum  obtained  by  subtraction  of  the  blank  Ir/KL  spectrum  (la) 
from  the  spectrum  of  the  sample  with  1.7  H’s  per  Ir  (Ic)  revealing  scattering  contributions  due 
to  the  cluster-adsorbed  hydrogen. 

(5  K/min)  from  room  temperature  to  473  K  and  back  down  to  room  temperature  to  ensure 
eciuilibrium.  The  resulting  spectra  are  shown  in  figure  I  (b)  and  (c).  For  the  higher  exposure 
of  2H’s  per  Ir,  a  maximum  of  1 .7  H's  per  Ir  were  actually  adsorbed,  indicating  that  a  portion 
of  the  clusters  were  larger  than  Ir^  or  that  not  all  of  the  Ir  atoms  were  accessible  for  H 
adsorption.  The  vibrational  spectra  after  this  ichydrogenation  were  essentially  identical  in  both 
intensity  and  lineshape  to  that  following  the  original  reduction  in  flowing  Hj,  The  integrity  of 
the  samples  was  found  not  to  diminish  to  any  significant  extent  by  repeated  hydrogenation 
/dehydrogenation  cycles.  A  difference  spectrum  obtained  by  subtraction  of  the  Ir/KL  blank 
spectrum  from  the  spectrum  of  the  sample  containing  1.7  H  atoms  per  Ir  is  shown  in  figure  2. 
The  observed  scattering  features  are  due  to  hydrogen  associated  with  the  Ir  clusters. 

The  fij  clusters  in  NaY  zeolite  were  first  decarbonylated  by  treatment  with  flowing  He,  and 
subsequently  treated  with  flowing  H,,  in  a  similar  fashion  to  that  used  for  Ir/KL  zeolite.  The 
maximum  hydrogen  treatment  temperature  was  598  K  (held  for  2  h).  in  a  separate  experiment, 
a  wafer  of  the  sample  in  an  infrared  cell  was  treated  under  similar  conditions,  and  the  complete 
disappearance  of  the  ><10  bands  indicated  that  the  decarbonylation  was  complete.  Details  of  the 
decarbonylation  are  to  be  presented  elsewhere.*  For  Ir/NaY  zeolite  prepared  in  the  way, 
EXAFS^  indicates  that  about  85%  of  the  Ir  is  in  the  form  of  Ir^  clusters.  Again,  spectra  were 
measured  before  and  after  hydrogenation.  The  sample  was  then  evacuated  at  598  K  (fig.  3a), 
followed  by  a  volumetric  adsorption  of  Hj  (again  similar  to  the  treatment  of  Ir/KL),  which 
yielded  a  maximum  H/lr  ratio  of  2.9.  One  cannot  be  entirely  certain  that  this  large  H/Ir  ratio 
reflects  only  hydrogen  bound  to  the  clusters.  It  is  always  possible  that  some  spillover  of 
hydrogen  onto  the  zeolite  support  is  occurring.  Nonetheless,  the  resulting  hydrogen  spectra 
determined  from  data  taken  before  and  after  this  readsorpiion  of  hydrogen  were  essentially 
identical  to  that  derived  from  the  first  hydrogen  treatment.  Moreover,  this  hydrogen  spectrum 
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Figure  3.  IlNS  spectra  of  (a)  H;-  and  (b)  D;-activated  Ir/NaY  zeolites.  Data  are  normalized 
and  without  offset,  showing  how  Dj  activation  leads  to  a  reduction  in  scattering  from  the  zeolite 
suppon. 

Figure  4.  Difference  spectrum  obtained  by  subtraction  of  the  spectrum  of  the  D^-activated 
Ir/NaY  blank  from  that  of  the  sample  with  2.9  H's  per  Ir  adsorbed  on  the  clusters. 

is  m  good  agreement  with  that  for  the  Ir/KL  sample. 

Repeating  the  hydrogen  activation  cycle  at  598  K  using  Dj  gas  led  to  a  reduction  in  the 
scattering  from  the  Ir/NaY  zeolite,  as  shown  in  figure  3.  The  lower  scattering  intensity  resulting 
from  the  D2  treatment  is  due  to  the  overall  scattering  contribution  of  D  being  ~  12  times  less 
than  that  for  H.  Thus,  residual  scattering  associated  with  protons  on  the  catalyst  support  is 
reduced  by  exchange  with  D.  which  although  chemically  similar,  has  very  different  neutron 
scattering  properties  Subsequently,  hydrogen  was  volumetrically  adsorbed  onto  the  Dj-activated 
Ir/NaY  zeolite.  The  spectrum  resulting  from  the  subtraction  of  the  Dj-activated  Ir/NaY  zeolite 
from  that  with  adsorbed  hydrogen  reveals  the  scattering  intensity  from  the  FI  associated  with  the 
Ir  clusters  (fig.  4).  The  spectrum  is  very  similar  to  that  observed  in  the  case  of  Ir/KL  zeolite 
(fig.  2). 

DISCUSSION 

For  both  Ir/NaY  and  Ir/KL  zeolites,  scattering  intensity  due  to  hydrogen  adsorbed  on  the 
iridium  clusters  is  observed  between  60-90  meV.  indicating  that  very  similar  hydrogen  species 
are  present  on  the  iridium  clusters,  independent  of  the  type  of  zeolite.  The  scattering  is  broad, 
consisting  of  a  number  of  components,  but  the  principal  intensity  is  centered  around  65  and  85 
meV.  At  the  present  time,  there  is  insufficient  information  to  establish  the  precise  nature  of  the 
hydrogen.  However,  a  number  of  comments  may  be  made  about  possible  assignments.  First, 
the  possible  existence  of  a  molecular  dihydrogen  species  can  be  discounted  when  a  comparison 
is  made  to  existing  data  for  dihydrogen  complexes,  including  Ir  complexes,’ for  which  an 
intense  mode  due  to  the  H2  torsion  is  observed  between  30-50  meV.  Second,  although  there  is 
not  conclusive  evidence,  the  data  are  consistent  with  the  bending  modes  for  IrH  and  IrHj.  In 
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ilic  Ir  complexes  with  hydrule  ligands,  hydrogen  bending  modes  have  been  obsersed  in  the 
region  of  86-101  nieV.‘"  There  is  also  the  possibility  that  the  lower  energy  scattering  is  due  to 
a  wagging  or  riK'king  nnxle  of  IrH-.  Third,  the  complexity  and  broadness  of  the  adsorbed 
hydrogen  spectrum  is  consistent  with  the  large  H/Ir  ratio  attained  for  these  clusters  1  he 
prospect  of  up  to  three  hydrogens  bound  to  each  essentially  corner  like  Ir  atom  of  a  three 
dimensional  Ir„  cluster  suggests  the  presence  of  multiple  adsrrrption-site  geometric';  as  well  as 
significant  H-H  lateral  interactions.  Different  site  geometries  lead  to  normal  imxie  vibrations 
w  ith  a  set  of  distinct  eigenenergies,  while  H-H  interactions  result  in  dispersion  (i  e  ,  broadening) 
of  these  individual  normal  mode  vibrations.  Bolb  effects  are  potentially  present  in  the  measured 
vibrational  spectrum. 

CONCLUSION 

Hydrogen  is  bound  to  the  Ir  clusters  in  iridium  loaded  NaY  and  Kl.  zeolites.  This  is  know  n 
from  our  tjuanlitative  uptake  measureinenis.  and  from  the  existence  of  extra  scattering  signal  in 
the  IlNS  data  after  exposure  to  H,,.  The  reproducibility  of  the  UN'S  data  after  re|Kated 
dehydrogenation.'rehydrogenation  cycles  shows  that  the  Ir  clusters  in  both  the  Ir/KL  and  Ir.  NaV 
zeolites  are  stable  under  the  conditions  used.  The  IINS  spiectra  are  consistent  with  the  presence 
of  IrH  or  IrH.  species.  The  loading  of  0.8  wt%  Ir  in  NaY  zeolite  translates  into  the  iK'cupation 
of  1  in  90  a  -cages  with  an  Ir^  cluster.  A  higher  metal  loading  as  in  the  case  of  Ir-'Kl.  zeolite 
will  incretise  the  scattering  signal  and  hence  help  in  the  interpretation  of  the  daui.  Moreover, 
it  is  hoped  that  future  neutron  diffraction  experiments  aided  by  the  current  EXAFS  results  can 
provide  further  insight  about  the  actual  geometry  of  the  hydrogenated  Ir„  clusters  within  the 
zeolite  cages.  Such  information  is  needed  to  more  completely  characterize  the  hydrogen 
dynamics, 
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ABSTRACF 

We  have  investigated  the  local  structural  a..d  magnetic  prtipcriies  ol  |-e  in 
n.inostnietured  l-e-Cr  Mo-\’-C  M50  type  steel,  Expenniental  techniques  which  ue  used 
include  XAt'S  i'  .d  NMR.  NMR  results  on  as  synthesi/ed  M.SO  type  sU'el  shows  that  the 
matenal  conuins  a  small  amount  of  bee  Fe  plus  some  other  highly  disordered  phaseis), 
XAFS  mea.suretnenls  indicate  that  the  near  neighbor  coordinations  around  He  are  not 
■•imply  well  ordered  bee  or  fee  He  and  that  the  sample  doesn't  have  long  range  crystalline 
order.  XAFS  measurements  tm  the  con.solidated  sample  show  that  Fe  is  predominantly  in 
the  form  of  Ih.-c  Fe  with  good  long  range  order. 


IN  FRODl  CTION 

Iron  based  alloys  are  a'chnologtcally  important  materials  and  have  been  widely  used 
in  modem  industry.  Conventional  .M.N)  steel  has  good  rc.si.stance  to  tempering,  wear  and 
rolling  eontaci  fatigue.  Hence  it  has  been  widely  used  in  the  aircraft  indu.stry  in  main-shaft 
bearings  in  gas-turbine  engines.  Conventional  M5(l  .steel,  which  is  micio  strucliia’d,  is 
produced  by  mixing  and  melting  of  the  respective  metal  powders.  However,  in  meenl 
years,  much  attention  has  been  devoted  to  the  reduction  of  grain  si/e  from  the  micromea’r 
si/e  to  the  nanometer  regime.  Nanosiruetua’d  materials  are  anticipated  to  exhibit 
technologically  attractive  properties. We  have  ulili/ed  X-Ray  Absorption  Fine  Structure 
(X.AFS)  and  Nuclear  Magnetic  Resonance  (NMR),  two  complemcniary  Itx'al  probes,  to 
help  in  studies  of  the  fabrication  and  procc.ssing  of  nanostructured  M5()  type  steel 

XAFS  involves  the  measurement  of  the  absorption  coefficient  as  a  function  of  the 
incident  X-Ray  energy.  X-Ray  Absorption  Near  Edge  .Structure  (XANES)  contains 
information  about  near  neighbor  bonding  geometry,  bonding  distances,  valence  slates  of 
tf’c  absorbing  atom  and  projected  unoccupied  density  of  .states.  The  Extended  X-Ray 
Absorption  Fine  Structure  (EXAFS)  is  determined  by  the  type  and  number  of  near 
neighbor  atoms,  near  neighbor  distances,  and  the  degree  of  order  around  the  absorber.  .A 
detailed  description  of  the  XAFS  technique  an  be  found  in  Ref.  (I).  In  NMR.  nuclear 
species  that  occur  naturally  in  a  material  are  used  as  probes  to  gain  information  concerning 
the  atomic  structure,  electronic  structure,  and  other  related  interactions  on  a  microscopic 
scale.  Fhc  type  of  NMR  used  in  this  study  is  NMR  spectroscopy  of  magnetic  materials.  In 
such  an  experiment  the  magnetic  field  at  the  nuclear  sile.s  arises  from  the  internal  hyperfme 
field  and  the  application  of  an  external  field  is  not  required.  This  is  known  a.s  "Zero  Field " 


195 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  351.  s-i994  Materials  Research  Society 


(viiiin  lAUVV  OH,)  I 


NVIR  \p<.’Clros«.op>  !n  this  inve.sugation  naturally  ivcuring  nuclei  in  the  sample  wciv 
iitili/cd  as  the  prnhe  ol  stiaieturv  an  1  magnetism  in  the  matenal 


t  XPKRIMEN  r,4l,  DETAILS 

Our  samples  \ecre  prepared  from  the  thermal  deeompositisin  of  organometallie 
pnviirsors  using  .i  ehemieal  synthesis  method.  A  piinion  of  the  as  synthesi/ed  powder  was 
ennsolidated  into  a  hulk  sample  Detailed  description  of  the  synthesis  and  eharaeten/alion 
using  XRD,  SFiM,  TEM.  and  HRTEM  has  been  earlier  reported  by  Gonsalves,  eLal  ’  The 
material  composition  obtained  was  94.2‘?Fe,  O.^'^Cr.  0.4*? Mo.  2.1‘F  V.  and  with  the 
balance.  Carbon  XAFS  measurements  weiv  carried  out  at  the  Tsatitmal  .Synchrotron  Light 
Souac  on  beam  line  X  - 1  l.A  using  a  Si  ( 1 1 1)  double  cry.stal  monix'hromator.  The  harmonic 
contamination  was  mimmi/ed  by  detuning  the  incident  inmnsity  by  20^.  Data.at  the  f  c  k 
edge,  were  taken  using  the  standard  transmission  mode  at  77K  for  the  as-  synihesi/ed 
sample  and  asing  the  glancing  emergent  angle  (OE.A)  fluote.scence  method  (so  as  to  largely 
eliminate  nuoresccnce  distortions)  at  room  temperature  for  the  con.solidated  sample.  ^  Ihc 
data  wea'  subsisiucntly  normali/ed.  background  subtraemd  and  Founer  tran.sformeil  using 
standard  pnKcdun.'s.  ^  Data  analysis  was  perfomed  using  the  "I'nivcrsiiy  of  Washington 
FX.Al  S  Analysis'  package.  \MR  ex[K'nment.s  were  performed  at  4.2  and  i.f  K  and  at 
frctjucncie.s  ranging  from  10  to  60  MH/. 

RFSILTS  AND  DISCISSSION 

Fig  1 1 )  shows  the  zero  field  spin  echo  NMR  spectrum  of  as-synthcsi/cd  M.SO  type 
steel  uken  at  4  2K.  The  spectr,.-n  is  very  broad  and  the  Fe  hyperfme  fields  are  distributed 
over  a  wide  range  from  240  to  170  KfX'  with  a  broad  peak  at  ?!4  KtX',  2()K(X’  lower  than 


2.‘i.0  .16.2  a7.s  58,7  70.0 

l-RIXJUFNCY  (MHz) 

Mg.  1 1 )  NMR  spectrum  of  as-synthesized 
M.50  type  steel  taken  at  4.2  K 


E-Ko(eV) 


Fig.  (2)  Fr  k  edge  XANFS  of 
ttS'«ynthcsb«d  M50  type  st«cl 
compart  with  the  XANFS  otbcc  Fv 
and  fee  Ni 
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Ktg.  (31  K«  k  KXAl-'S  of 
«V'V>  ntht^rd  M50  typ«  ste«l. 


Fi};.  (4)  Fourier  Traitsform  magnitude  of 
Fe  k  edge  FXAFS  in  M50  type  steel 


N-c'  E  c  This  wide  distribution  of  the  hyperfine  ficid  is  probably  due  to  the  presence  of  a 
larpe  amount  of  disorder  in  the  material.  Furthermore,  a  small  satellite  can  also  be  seen 
around  134  K(X'  146.67  MH/)  which  is  the  characteristic  frequency  of  bcc  Fe.  This 
indicates  that  a  .small  amount  of  bcc  Fe  is  also  presciiL 

Particles  in  the  superparamagnetic  slate  will  not  contribute  to  the  zero  field  NMR 
signal  due  to  thermal  fluctuations  in  the  direction  of  magnetization.  However,  the 
application  of  an  external  field  may  align  some  of  the  moments  giving  rise  to  an  NMR 
signal.  Hence,  if  some  of  the  particles  are  superparamagnetic,  an  increase  in  signal  intensity 
could  tKcur  with  the  application  of  an  external  field.  In  order  to  mst  for  the  presence  of 
superparamagnetic  panicles,  an  NMR  measurement  was  performed  at  1.3K  in  the  presence 
of  an  external  magneuc  field.  As  the  strength  of  the  magnetic  field  was  increased  the  signal 
intensity  gradually  decreased  and  wtally  disappeared  at  a  field  of  500  Oe.  This  suggests  that 
most  particles  are  not  superparamagnetic  in  nature. 

In  Fig.  (2).  the  Fe  k  edge  XANES  spectra  of  as-synthesized  M50  type  .sif^l  is 
shown  in  comparison  with  the  XANES  of  pure  lx:c  Fe  and  fee  Ni.  The  energy  origin  is  set 
at  the  first  inflection  point.  The  structure  at  the  near  edge  of  fee  Fe  is  similar  to  that  of  fee 
Ni.**  Therefore. for  convenience,  a  fee  Ni  spectra  has  been  included  to  represent  fee  Fe.  It 
can  be  seen  that  the  XANES  of  the  as-synthesized  sample  is  different  from  that  of  both  bcc 
Fe  and  fee  Fe:  indicating  that  the  near  neighbor  environment  around  the  central  Fe  atom  in 
as- synthesized  M50  type  steel  is  dustincOy  different  from  that  of  well  ordered  bcc  or  fee  Fe. 

Fig.  (1)  tepre.sents  the  EXAFS  spectrum  (x  function)  of  as-synthesized  M50  type 
steel,  at  the  Fe  k  edge,  taken  at  77K.  We  note  that  the  amplitude  of  the  EXAFS  wiggles  are 
rather  small,  when  compared  to  bcc  Fe  (Fig,  (5)).  Further,  the  EXAFS  oscillations  die  out 
rapidly  towards  large  k.  Fig.  (4)  shows  the  Fourier  Transform  (FT)  corresponding  to  data 
in  Fig.  (3).  It  can  be  seen  that  there  are  no  peaks  beyond  -  3  A  in  the  FT,  showing  the 
absence  of  long  range  crystalline  order.  The  peak  around  2  A  is  spill  into  an  unresolved 
doublet  indicating  the  pre.scnce  of  either  two  clo,sc-by  .shells  or  two  or  more  phases 
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Hg.  (5)  F«  k  edge  EXAF'S  of 
cunsfoUdated  M50  type  «(e<t  compared 
with  Hcc  Kr 


Fig.  (6)  Fourier  Tnuts/orm  magnitude  at 
Fe  k  edge  KXAF'S  in  coasolidaied  M.^ 
type  steel  compared  to  bec  Ft. 


containing  Fc.  llie  peak  near  1  A  is  probably  spurious  in  nature  and  can  be  attributed  to 
poor  signal  to  noise  ratio.  Detailed  analysis  of  ifds  data  to  identify  the  near  neighbors  and 
near  neighbor  distances  is  in  progress. 

Fig.  (5)  shows  the  Fe  k  edge  X  functions  of  Fe  in  consolidated  M50  type  steel,  as 
well  as  in  pure  bcc  Fe.  both  taken  at  room  temperature.  The  similarity  in  the  x  functions 
indicates  that  the  Fe  in  consolidated  M50  type  steel  is  predominantly  in  the  form  of  bcc  Fe. 
However,  the  EXAFS  amplitude  is  reduced  throughout  the  entire  k  range.  Fig.  (6)  shows 
the  FTs  corresponding  to  the  data  shown  in  Fig.  (5).  It  car  be  seen  from  the  FTs.  that  the 
peaks  in  the  consolidated  sample  coincide  with  that  of  bcc  Fe,  but  are  diminished  in 
amplitude.  Microscopic  techniques  indicate  that  the  particle  sizes  are  in  the  order  of  several 
nanomeaTs.2  Hence,  such  a  large  diminution  in  the  EXAF.S  amplitude  cannot  be  attributed 
to  panicle  si/c  effects.  Experiments  by  Haubold  et  al.  on  nanocrystalline  Cu  and  W  have 
shown  a  reduction  in  the  EXAFS  amplitudc.which  has  been  attributed  to  the  absence  of 
structural  order  in  the  grain  boundaries  (primarily  due  to  a  wide  distribution  of  bond 
lengths  in  the  grain  boundaries).^'^  More  detailed  data  analysis  and  experiments  to 
understand  the  cause  of  the  amplitude  reduction  in  the  EXAFS  signal  of  our  sample  is  in 
progress. 
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ABSTRACT 

Molybdenum  hexacarbonyl  in  hexadecane  was  irradiated  with  high  intensity 
ultrasound  under  argon  at  S)0“C  to  yield  face  centered  cubic  molybdenum  carbide,  MojC. 
After  thermal  treatment,  oxygen  and  excess  carbon  were  removed  to  give  stoichiometric 
MoX.  SEM  micrographs  showed  that  the  surface  was  extremely  porous.  TEM 
micrographs  showed  that  the  solid  was  an  aggregate  of  particles  with  diameters  of  »  2 
nm.  This  material  has  a  very  high  surface  area,  188  mVg  as  determined  by  BET  gas 
adsorption  Catalytic  studies  have  been  conducted  on  the  dehydrogenation  of 
cyclohexane  and  the  hydrogenolysis  of  ethane.  The  sonochemically  prepared  MojC 
shows  good  catalytic  activity  for  the  dehydrogenation  of  cyclohexane  with  100% 
selectivity  for  formation  of  benzene  without  hydrogenolysis  to  methane.  The  material 
revealed  poor  catalytic  activity  for  the  hydrogenolysis  of  ethane. 


INTRODUCTION 

The  preparation  of  nanophase  materials  has  been  the  focus  of  intense  study  in 
materials  science  [1,2].  A  variety  of  chemical  and  physical  preparative  methods  have 
been  applied  to  produce  materials  with  nanometer  structure,  including  metal  evaporation 
[5],  decomposition  of  organometallic  compounds  [4],  and  the  reduction  of  metal  salts 
[5,6J.  Sonochemical  decomposition  of  transition  metal  carbonyl  compounds  has  also 
been  proven  to  be  a  useful  technique  to  generate  nanophase  transition  metals  [7,8]. 

Recently,  molybdenum  and  tungsten  carbides  have  been  explored  as 
heterogeneous  catalysts  because  of  the  similarity  in  activity  that  these  carbides  share  with 
Pt  and  Pd  [9, 1 0, 1 1  ].  For  catalytic  applications,  high  surface  area  materials  are  generally 
needed.  The  preparation  of  interstitial  carbides  of  molybdenum  and  tungsten  with  high 
surface  areas,  however,  is  very  difficult.  Boudart  and  Volpe  prepared  carbides  of 
molybdenum  and  tungsten  with  high  surface  areas  by  the  temperature  programmed 
carburization  of  the  corresponding  nitrides  [12].  Here  we  present  a  simple  sonochemical 
synthesis  of  nanophase  molybdenum  carbide  from  the  ultrasonic  irradiation  of 
molybdenum  hexacarbonyl  in  hexadecane  at  low  temperature. 
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EXPERIMENTAL  PROCEDURES 


All  manipulations  for  the  preparation  of  samples  were  performed  using  Schlenk 
line  and  inert  atmosphere  box  (Vacuum  Atmospheres,  <  I  ppm  O,)  techniques.  Pentane 
was  distilled  over  sodium-benzophenone  and  hexadecane  was  distilled  over  sodium. 
Both  solvents  were  degassed  by  three  cycles  of  freeze-pump-thaw.  Ultrasonic 
irradiation  was  accomplished  with  a  high  intensity  ultrasonic  probe  (Sonic  and  Materials, 
model  VC-600,  0  ,6  in  Ti  horn,  20  kHz,  100  Wcm'^). 

X-ray  powder  diffraction  data  were  collected  on  a  Rigaku  D-max  diffractometer 
using  Cu  radiation  (  X  =  I  5418  A)  Scanning  electron  micrographs  were  taken  on  a 
Hitachi  S800  electron  microscope.  Transmission  electron  micrographs  were  taken  on  a 
Phillips  CM- 12  electron  microscope. 

Hydrogen  (99.99%,  Linde),  methane  (99.97%,  Matheson)  and  ethane  (99.0+%, 
Linde)  were  further  purified  through  5  A  molecular  sieves  and  oxy-traps  (Alltech). 
Samples  for  elemental  analysis  were  submitted  in  sealed  vials  without  exposure  to  air.  A 
quartz  cell  was  used  for  both  adsorption  and  gas-solid  catalytic  studies.  The  catalysts 
were  transferred  from  an  inert  atmosphere  box  to  the  catalytic  rig  without  exposure  to 
air.  Surface  areas  were  calculated  by  applying  the  BET  equation  to  the  adsorption 
isotherm  measured  at  77  K.  The  gas  products  obtained  during  the  temperature- 
programmed  desorption  (TPD)  and  temperature-programmed  reaction  (TPR) 
experiments  were  measured  by  a  quadruple  mass  spectrometer  (Spectra  Instruments). 

Cyclohexane  (99+%,  Fischer)  was  dried  over  molecular  sieves  prior  to  use.  A 
MRS  mass  flow  controller  maintained  the  flow  of  hydrogen  at  27.5  cm'  (STP)/min  to 
carry  the  cyclohexane  vapor  at  a  constant  partial  pressure  of  0.09  atm  through  the 
catalyst.  The  cyclohexane  reaction  products  (benzene  and  aliphatic  hydrocarbons)  were 
analyzed  by  gas  chromatography  (Hewlett-Packard  5730A)  on  a  n-octanefPorasil  C 
column  with  flame  ionization  detection.  The  hydrogenolysis  of  ethane  was  also 
examined  at  573  K,  5: 1  hydrogen  to  ethane.  Products  were  analyzed  by  GC  and  .MS. 


RESULTS  AND  DISCUSSION 
Sonochemistrv 

The  chemical  effects  of  ultrasound  originate  from  hot  spots  formed  during 
acoustic  cavitation  (the  formation,  growth  and  collapse  of  bubbles  in  a  liquid)  [13,14]. 
The  temperature  reached  during  bubble  collapse  is  approximately  5000  K  with  sub¬ 
microsecond  lifetime  (15).  Consequently,  the  acoustic  cavitation  produces  extraordinary 
cooling  rates  above  10'"  Ksec’*. 

In  order  to  achieve  good  sonochemical  reaction  yields,  precursors  should  be 
thermally  stable  and  volatile  since  the  primary  sonochemical  reaction  site  is  the  vapor 
inside  the  cavilating  bubbles  [16].  To  achieve  good  sonochemical  activity,  the  vapor 
pressure  of  precursors  should  be  roughly  5  torr  during  sonolysis.  The  vapor  pressure  ot 
molybdenum  hexacarbonyl  is  only  0.17  torr  at  25°C.  In  order  to  increase  this  vapor 
pressure  of  Mol CO),,,  we  need  to  choose  a  high  boiling  solvent,  because  excess  solvent 
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Figure  I ,  X-ray  powder  diffraction  patterns  Figure  2.  Scanning  electron  micrograph 
of  sonochemically  produced  Mo,C  of  sonochemically  produced 

(a)  after  synthesis,  (b)  after  heat  MOjC. 

treatment  under  He,  450‘*C.  12  hrs, 

\apor  inside  the  bubble  would  reduce  the  cavitational  temperature  during  bubble 
collapse.  Hexadecane  was  chosen  because  it  has  very  low  vapor  pressure  at  dO"C  and  is 
relatively  inert  under  sonochemical  conditions. 

■Synthesis  and  characterization 

A  slurry  of  molybdenum  hexacarbonyl  in  hexadecane  was  sonicated  at  90'’C  for  3 
hours  under  argon  to  yield  a  black  powder.  The  powder  was  filtered  inside  a  dry  box, 
washed  several  times  with  purified,  degassed  pentane,  and  heated  at  100°C  under 
v  acuum.  X-ray  powder  diffraction  (XRD)  showed  extremely  broad  peaks  centered  at  a  d 
spacing  of  2.4  A,  1.5  A,  and  1.3  A  (Figure  1(a)),  which  do  not  match  body  centered 
cubic  (bcc)  lines  of  molybdenum  metal  [17|.  FT-IR  spectrum  of  the  material  indicated 
that  carbon  monoxide  was  adsorbed  on  the  surface  of  the  powder.  Temperature 
programmed  desorption  (TPD)  under  helium  showed  the  desorption  of  carbon  monoxide 
with  maximum  temperatures  at  430  K  and  800  K.  TPD  also  revealed  the  evolution  of 
carbon  dioxide  with  maximum  temperatures  at  450  K  and  750K.  After  the  heat  treatment 
at  750  K  under  helium  flow  for  12  hours,  sharper  peaks  in  the  XRD  were  observed  at  d 
spacing  values  of  2.39  A,  1.49  A,  and  1.27  A  which  match  very  well  with  face  centered 
cubic  (fee)  molybdenum  carbide,  MojC  (Figure  1(b)).  Elemental  analysis  also  confirmed 
the  stoichiometry  of  MojC,  The  formation  of  molybdenum  carbide  can  be  explained  by 
the  disproportionation  of  carbon  monoxide  on  the  active  metal  surface  to  form  carbon 
and  carbon  dioxide  [18], 

The  SEM  at  50,000  magnification  showed  that  the  surface  is  extremely  porous 
(Figure  2).  The  TEM  at  430,000  magnification  showed  that  the  particles  were  aggregates 
of  2  nm  sized  particles  ( Figure  3(a)).  The  particle  size  calculated  from  the  line 
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Figure  3.  Transmission  electron  micrographs  of  sonochemically  produced  MOjC 
(a)  after  synthesis,  (b)  after  thermal  treatment  under  condition  of  I  I  CHj 
to  H,,  at  500"C  for  48  hours. 

broadening  of  X-ray  powder  diffraction  was  1.6  nm.  Surface  area,  determined  by  BET 
gas  adsorption  isotherms  was  found  to  be  188  m^/g. 

Catalytic  studies 

Even  after  heat  treatment  at  750  K  under  helium,  about  4  weight  percent  of 
o.yygen  was  siill  in  the  material.  Since  the  presence  of  oxygen  could  poison  the  catalytic 
activity  [19],  it  was  removed  before  catalytic  studies.  In  order  to  remove  oxygen,  the 
molybdenum  carbide  powder  was  heated  in  a  flowing  1:1  CH4/H2  mixture  at  573  K  for 
1  h,  then  at  673  K  for  1  h,  and  finally  at  773  K  for  48  h.  The  flow  rate  of  the  CH4/H2 
mi.xture  was  27.5  cm’  (STP)/min.  After  the  heat  treatment,  the  elemental  analysis  results 
showed  the  sample  was  pure  Mo^C;  oxygen,  excess  carbon,  and  hydrogen  had  been 
removed.  Electron  micrographs  showed  that  the  materials  was  still  porous  and  was 
composed  of  particles  of  3  nm  in  diameter  (Figure  3(b)).  The  BET  surface  area 
decreased  slightly  to  130  m’/g. 

The  catalytic  activity  of  the  sonochemically  produced  molybdenum  carbide  was 
tested  for  dehydrogenation  of  cyclohexane.  Figure  4  shows  the  catalytic  activity  (in 
terms  of  turnover  frequency  of  cyclohexane  molecules  converted  per  site  per  second)  as  a 
function  of  temperature  for  the  sample  pretreated  under  CH4/H3  at  500°C  for  48  hours 
and  for  the  sample  pretreated  under  helium  at  450”C  for  12  hours. 

Through  all  the  reaction  temperatures,  benzene  was  the  only  product  formed  for 
either  sample.  No  hydrogenolysis  products  were  detected.  Compared  to  the  sample  heat 
treated  under  CH4/H2,  the  sample  heat  treated  under  helium  revealed  the  same  selectivity 
(benzene  is  the  only  product),  but  with  somewhat  lower  activity.  These  results 
demonstrate  that  the  sonochemically  prepared  molybdenum  carbide  is  an  excellent 
dehydrogenation  catalyst  and  a  rather  poor  hydrogenolysis  catalyst.  This  is  also 
confirmed  by  the  lack  of  activity  for  ethane  hydrogenolysis:  during  28  hour  reaction  at 
573  K,  no  methane  was  detected  by  either  GC  or  MS. 


204 


Icmperaturc  (°(') 

Figure  4.  Catalytic  activity  of  sonochemically  produced  Mo;C 
for  dehydrogenation  of  cyclohexane,  (a)  sample  heat 
treated  under  helium  at  450‘'C  for  12  hours  and 
(b)  sample  heat  treated  under  CH^  H,  at  500'’C  for 
4X  hours. 

The  catalytic  properties  of  Mo,C  (fee)  and  MojC  (hep)  have  been  studied 
intensively  in  recent  years  [9,10,1  l,20,21,22j.  Many  reactions  such  as  CO  hydrogenation 
[23],  olefin  hydrogenation  (24],  isomerization  and  hydrogenolysis  of  hydrocarbons  have 
been  investigated.  However,  fewi  reports  mention  Mo,C  as  an  active  dehyrogenation 
catalyst.  In  fact,  carbunzation  of  Mo  is  known  to  temper  Mo  metal  for  dehydrogenation 
of  hydrocarbons  [25].  Bell  el  ai.  show  there  is  some  catalytic  activity  for  ethane 
hydrogenolysis  using  MoiCifcc)  prepared  by  reduction  and  carburization  of  MoO,  under 
the  similar  conditions  (573  K,  =  5)  [9].  It  seems  the  sonochemically  prepared 

Mo,C  (fee)  has  different  and  more  selective  catalytic  behavior  compared  to  the 
molybdenum  carbides  generated  by  the  other  methods.  Surface  and  catalytic  studies  to 
cxpluie  the  catalytic  properties  and  mechanisms  of  our  sonochemically  prepared 
materials  are  continuing. 


CONCLUSIONS 

Sonochcmical  decomposition  of  molybdenum  hexacarbonyl  in  hexadecane  at 
90"C  gave  nanometer-sized  powder  of  face  centered  cubic  molybdenum  carbide.  The 
matenal  was  extremely  porous  with  a  high  surface  area  and  consisted  of  aggregates  of 
=  2  nm  sized  particles.  The  catalytic  properties  of  the  sonochemically  prepared  fee  Mo,C 
have  been  studied  on  dehydrogenation  and  hydrogenolysis  of  cyclohexane  and 
hydrogenolysis  of  ethane.  The  catalytic  results  showed  the  molybdenum  carbide 
generated  by  ultrasound  was  a  good  dehydrogenation  catalyst  and  a  poor  hydrogenolysis 
catalyst. 
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Abstract 

The  inert  gas  condensation  (IGC)  technique  was  employed  to  synthesize  non-agglomcnitcd 
nanoparticles  of  ZrOi  and  Y2O3  with  different  average  particle  sizes  ranging  from  4  to  14  run.  Tlic 
sintering  behaviors  (in  air  and  vacuum)  of  single  phase  n-ZrOi  (monoclinic  crystal  structure)  and 
5';03-Zr0T  mixture  (Y-TZP)  were  studied  in  terms  of  densification  rale  and  final  sintering 
temperature.  There  was  a  strong  correlation  between  densification  characteristics  and  properties  of  the 
starling  powder  compacts  such  as  average  panicle  size,  particle  and  pore  size  dislribuiioas.  n-ZrOs 
was  sintered  to  full  density  in  air  at  temperatures  as  low  as  1125  ”C  (0.47  Tm)  and  in  vacuum  at  975 
‘’C  (0.42  T^).  Although  the  grain  sizes  in  the  fully  sintered  samples  were  well  below  100  nm.  the 
grains  had  grown  by  a  factor  of  lO  as  compared  to  the  initial  panicle  size.  Tliercforc,  a  pressure- 
assisted  sintering  technique  was  employed  to  funher  reduce  the  densification  temperature  and  final 
grain  size.  Threshold  effects  in  tliis  process  are  also  discussed. 

Imroduaion 

Increasing  effons  arc  being  directed  towards  synthesis  of  nanoslructured  metals  and  ceramics 
1 1  -31.  Consolidation  of  loosely  agglomerated  nanoparticles  (less  than  10  nm)  of  ceramic  materials  is 
expected  to  result  in  significant  payoffs  in  temis  of  lowering  of  sintering  temperatures,  and  lienee 
avoidance  of  the  use  of  sintering  aids,  decomposition  of  constituent  phases  |41  and  deleterious 
inicrfacial  interactions.  Moreover,  smaller  grain  sizes  should  result  in  improved  mechanical  properties 
and  supcrpla.siic  behavior  for  net  shape  forming  (5|. 

Currently,  a  number  of  production  techniques  are  available  for  the  syntJiesis  of  nanoparticles 
of  ceramics.  These  include,  spray  pyrolysis  [6).  laser  ablation  |7),  sol-gel  processing,  flame  pyrolysis 
and  inert  gas  condensation  (IGC).  One  of  the  principal  concerns  in  all  these  techniques  is  the  control 
of  agglomeration.  An  agglomerated  mass  of  powder  is  of  little  benefit  during  densification  as 
coarsening  prevails  over  sintering.  A  modified  version  of  tile  originial  IGC  technique  pioneered  by 
Gleitcr  [8]  was  employed  to  synthesize  non-agglomerated  powders  of  n-Y203  [9]  and  n-Zr02  with 
average  panicle  sizes  less  than  15  nm.  The  process  consists  of  evaporation  of  either  the  pure  metal  or 
the  monoxide  in  a  low  pressure  atmosphere  of  helium  followed  by  careful  post-oxidation.  The  details 
of  this  process  arc  dc.scribed  elsew  here  1 10). 

This  paper  describes  sintering  studies  performed  on  single  phase  n-Zr02  and  n-Zr02  doped 
with  n-Y203.  Both  the  n-Zr02  and  n-Y203  powders  were  synthesized  by  the  IGC  teehnique.  The 
sintering  behavior  of  nanoslructured  powders  is  expected  to  be  significantly  different  as  compared  to 
the  commercial  powders  available  today.  Densification  of  pure  n-Zr02  was  carried  out  in  air  and  in 
vacuum.  In  both  cases,  fully  dense  samples  with  a  monoclinic  crystal  structure  were  obtained.  The 
grain  sizes  in  die  fully  sintered  stales  were  .still  in  the  nanoscale  regime.  Correlations  have  been  drawn 
between  initial  powder  properties  and  sintering  characteristics.  Sinter-forging  experiments,  performed 
on  single  phase  n-ZrO^  are  also  described  in  this  paper. 


207 

Mat.  Ras.  Soc.  Symp.  Proc.  Vol.  3S1.  P1994  Matarlala  Raaaarch  Society 


Exnerimenlal 

Tlie  powder  synthesis  piiK'css  consists  of  evaporation  of  zirconium  monoxide  in  a  helium 
atmosphere  of  100  to  1500  Pa  followed  by  post-oxidation  of  the  monoxide  nanopanicles  As 
mentioned  before,  pntper  control  of  the  taller  step  is  critical  to  the  formation  of  non-agglonieraled 
powder. 

Compacts.  8  mm  in  diameter  and  0.5  mm  thick,  were  made  by  applying  an  uniaxial  pressure 
in  tlie  range  of  2fX)  to  KXX)  MPa  at  room  temperature.  These  pellets  were  sintered  in  air  and  in 
vacuum  (4  X  10"^  Pa)  at  several  different  temperatures  for  varying  lengths  of  time.  Tlic  samples 
sintered  in  vacuum  were  subsequently  annealed  in  flowing  oxygen  below  the  sintering  temperature  to 
establish  stoichiometry.  Additionally,  sintering  was  studied  in  situ  by  dilatometry  on  cylindrical 
samples.  The  heating  rate  was  10  dc/niin.  These  samples,  with  a  diameter  of  3  mm  and  a  height  of  3 
to  4  mm.  were  compacted  at  400  MPa  at  room  temperature.  Sinter-forging  was  carried  out  in  a  creep 
rig.  Cylindrical  pellets.  3  mm  in  diameter  and  2  mm  in  height  were  first  cold  isoslalic  pressed  and  tltcn 
prcsiniercd  to  render  rigidity  to  the  .samples.  Pore  size  distributions  on  as  pressed  samples  were 
measured  using  Coulter  Omnisorb  360.  Density  of  the  pellets  was  measured  using  Archimedes' 
principle  and  from  geometry  and  weight  of  the  specimen. 

Y203-.stabilizcd  tetragonal  zirconia  was  prepared  in  the  following  way:  a  eoUoidal  suspension 
containing  n-ZrOa  and  3  molcCr  of  n-Y203  was  foimed  in  deionized  water  and  treated  ulirasomcally 
to  obtain  gtxxl  mixing.  The  water  was  tlicn  dried  out.  After  compaction  at  room  temperature,  the 
samples  w  ere  heated  at  995  °C  for  40  min.  to  obtain  inierdiffusion  of  the  oxides  and  sintering. 


Results  and  Discussion 

Fig,  1  .shows  a  TEM  image  of  as  synthesized  powder.  Fig.  2  shows  panicle  size  disiributitm 
for  tlie  same  powder.  The  avenge  panicle  size  depends  on  the  He-gas  pressure  during  evaporation:  d 
increases  from  6  to  12  nm  at  100  Pa  to  1000  Pa  He  pressure,  respectively.  The  as  prepared  powder 
consists  of  a  phase  mixture  of  tetragonal  and  monoclinic  crystals.  The  latter  is  the  stable  phase  at 
room  temperature  while  the  fonner  can  be  foiroed  by  applying  high  pressures  (of  the  order  of  several 
GPa's)  at  elevated  temperatures.  The  formation  of  these  high  pressure  phases,  which  have  higlicr 
densities,  has  been  explained  on  the  basis  of  Gibbs-Thomson  elTect  [IIJ.  |10).  However,  on 
compaction  (even  at  small  uniaxial  pressures  of  the  order  of  10  MPa),  all  the  tetragonal  grains 
transform  to  the  monoclinic  crystal  sdructure. 


Fig.  J.  TEM  image  of  as  prepared  rt-Zr02 
powder. 


<a  <  i  i  7  •  •  to  >10  20 


Fig.  2.  Particle  size  distribution  of  as  prepared 
powder  obtained  from  bright  field  imaging.  The 
average  particle  she  is  about  6  nm. 


208 


Green  deiLsifies  ifi  die  range  36  lo  51%  of  die  ihcoreiicaJ  density  (p^)  of  niontxrJinic  zirconia 
were  obtained  by  conipaeting  at  different  pressures.  High  pressures  of  the  order  of  400  MPa  or  st) 
were  needed  to  aciiicve  green  densities  of  about  45%  (Fig.  3).  Tlie  reason  is  that  there  is  a  large 
frictional  resistance  between  die  nanoparticles  which  must  be  overeome  by  compaction.  The  pore  size 
distribution  is  shown  in  Fig.  4.  The  pore  size  distribution  is  narrow  and  mimics  the  panicle  size 
distribution.  This  microstructure  of  the  green  pellet  is  desirable  for  sintering  and  has  been  achieved  by 

ciMuroUed  post-oxidation  avoiding  exothermic  heat  release. 
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fig.  4.  Pore  Size  distribution  in  the  as  rompacteJ 
stale  The  bulk  UensUies  calculated  from  the  lotol  pore 
volume  and  using  Archimedes  pnnciple  match  pretty 
closely  signifying  that  all  the  pores  can  be  accounted 
for. 

Fig.  5  sltows  sintering  curves  of  n-Zr02  with  an  average  particle  size  of  9  run  and  a 
coninicrvial  Y-stabili/cd  ZrO^  ceramic  (Nippon.  2.6  Y-TZP)  measured  by  dilaiometry.  Apparently, 
sintering  commences  at  6(X)  i.  e.  0.3  Tjyj.  for  Utc  nanopowder  while  there  is  no  dcnsificalion  until 
1  UX)  for  ilie  commeatal  ceramic.  Careful  neutron  scattering  study  (13]  however  revealed  that  the 
apparent  shrinkage  dunng  die  intcmicdiate  stages  of  sintering  is  a  consequence  of  coarsening  and 
particle  rearrangement  resulting  in  close  packing.  There  was  strong  evidence  for  inicr-particle 
interference  suggesting  that  the  bulk  consisted  of  a  network  of  pores  equally  separated  from  each 
other.  Tliis  is  corroborated  by  the  uniform  grain  size  of  these  samples  shown  in  the  micrograph  in  Fig. 
6.  It  is  argued  that  such  a  liomogcncous  microsiructurc  in  the  intermediate  stage  is  responsible  for  low 
temperature  sintering.  Fig.  7  shows  density  as  a  function  of  time  at  several  different  icmpcraaircs.  Full 
density  can  be  achieved  by  sintering  in  air  at  1125  for  60  minutes 
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Fig.  5.  Sintering  cur\es  of  n-Zr02  ond 
commercial  Y  -TZP  powder 
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fig.  7.  Relative  density  1‘i’rthcoreiii  al)  as  a 
function  of  sintering  lime  at  several  diffeten: 
temperatures.  The  sintering  alowspliere  was  air 


Ttic  sintering  temperature  could  be  I'utthcr  lowered  by  sintering  in  vacuum.  Near  theoretical 
densities  were  achieved  by  sintering  at  975  for  40  minutes.  Tlie  reasons  for  the  enhancement  of 
sintering  in  vacuum  compared  to  air  arc  presently  not  clear.  Avoiding  a  negative  sintering  pressure  due 
to  the  presence  of  air  in  the  pores  and  enhancement  of  diffiisivity  in  non-sloichiomciric  n-ZrOs 
probably  contribute  lo  tlie  observed  changes  in  the  densification  rates.  Since  the  sintering  temperature 
is  well  below  the  monoclinic  to  tetragonal  transformation,  no  microcracking  occurs  and  tlicoretical 
densities  are  achieved. 

Fig.  8  shows  grain  size  as  a  function  of  density.  Grain  growth  during  densification  is 
inevitable  but  it  should  be  noted  that  there  is  no  exaggerated  grain  growth  in  the  final  stages  of 
sintering.  The  grain  sizes,  deiemiined  from  X-ray  line  broadening  agree  well  with  those  detetmined 
from  HRSEM  images  (Fig.  9).  Dense  .samples  sintered  in  vacuum  had  a  grain  size  of  60  nm  while 
those  sintered  in  air  had  an  average  grain  size  of  80  nm 
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Fifi  8.  Grain  size  as  a  function  of  percentage 

porosity  for  samples  sintered  in  vacuum.  Fig.  9.  HRSEM  image  of  a  fractured  surfore  of  an  n- 
E  xaggerated  grain  growth  did  not  occur  at  sintering  Zr02  sample  sintered  to  95%  of  theoretical  density, 
temperatures  of  975  when  full  density  could  be 
achieved. 
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Stable  colloids  ot  ii-Zr()i  .uul  ti-Y 2O3  in  dcioru/-cd  water  were  mixed  10  ohlain  3  mole'  i  n- 
"i  sO^  in  n  ZrOs  Atlcr  drx  ini;  and  eoinpatling.  Uic  samples  were  sinicred  in  vacmim  at  W5  '  lor  40 
minutes  to  aetiicse  full  tlensitv-  X-ray  diltraciion  showed  dial  complete  interclil'lusion  had  occurred, 
iranslonning  a.i  the  monoclinic  grains  to  tiK  tetragonal  structure. 

Tlic  ,xissib:!ily  of  further  reducing  die  grain  size  widioul  die  addition  of  any  grain  growth 
inhihiior  was  studied  hy  sinter-forging  at  temperatures  helow  |(XX)  "C.  Sinter-forging  of  ceramics  is  a 
co.isolidation  technique  where  a  partially  sinicred  nr  a  green  sample  is  subjected  to  tin  uniaxial  load  al 
a  certain  lemperature  so  lhat  die  specimen  sinicrs  and  rlcfomis  simultaneously.  Themfore.  this  process 
c;m  be  employed  to  obtain  fully  siniered,  net  shape  componenis.  Sinlcr-forging  was  carried  out  a!  950 
''C'  tor  1  hour  at  diffcreiil  applied  pressures  ranging  from  10  to  300  MPa.  Details  of  ihesc  experimenfs 
base  been  described  elsewhea’  ( 1 3].  Tlie  behavior  of  two  lypes  of  powder  was  inve.sligaled:  ptiwder  A 
bad  an  average  panicle  size  of  6  nm  .uid  a  specific  surface  area  of  136  n)-/g;  powder  B  wa.s  coarser 
w  ith  an  aver.igc  panicle  size  of  12  tun  and  a  specific  surface  area  of  65  m-/g.  Dcnsily  as  a  funciion  of 
applied  pressure  is  shown  m  Fig.  10.  There  is  a  break  in  hoih  the  cuix-es.  called  the  threshold  stress 
which  is  lower  for  die  coarser  grained  sample.  Tliis  explains  why  such  a  break  had  neser  been 
ohsers  ed  in  forging  cxporinienis  from  commercitd  grade  powder. 

Tliis  unique  bchasior  of  ullrafme-graincd  ceramics  under  an  applied  stress  can  be  inicr|ireicil 
by  considenng  die  liriving  forces  for  densilicaiion.  The  total  driving  lorce  is  comixiscd  of  tsco 
coniponcnt.s;  die  ininnsic  driving  force  due  lo  curvature  and  die  cxtnnsic  driving  force  due  to  applied 
slress  [14|.  (151.  Fig.  II  sliosss  a  scheniadc  of  die  total  driving  force  as  a  funciion  of  grain  size.  Ai 
snuill  grain  sizes,  such  as  G 1 .  the  contribution  of  the  applied  stress  10  the  total  driving  force  is  far  less 
significaiu  as  compared  lo  thal  due  10  die  curxalure,  .At  a  grain  size  G2,  Ihe  two  cnniixincnl.s  arc 
comparable  while  at  G3,  s'rcss  plays  a  domiiuuit  role.  On  dte  ba.sis  of  dils  argument,  one  c.ui  expect  10 
have  a  break  m  a  curve  of  donsificalion  rate  versus  applied  s,,^...  Since  die  tin.il  density  is  a 
consoquence  of  dv  donsificalion  rale,  die  breaks  in  die  curves  for  die  differeni  griiii  sized  maicnals 
ix'cur  al  different  stress  levels. 

A  pressure  of  .3(K)  MPa  had  ic  he  applied  al  950  df;  m  deasify  pure  n-ZrOi.  Tlie  grain  si/e 
detemiinod  famt  X-ray  line  bro.adening  was  45  nm, 
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Fig  10.  Relative  density  as  a  funciion  of  u/v»/j<'r/ 

pressure  during  sinter-forging  for  t\s  o  iwwders.  Fig  !  I  Driving  force  {arbitrary  umtsi  as  a  function 
powder  A  has  an  average  particle  size  off)  nm  and  of  grain  size.  There  are  two  romp  nents  to  the 
powder  B  is  12  nm  The  threshold  .stre.ss.  that  is  the  driving  force,  namely,  contribution  from  the  appbcti 
stress  he\ond  which  pressure  assists  in  dcnsifiration  pressure  and  conthhuiion  from  the  curs  ature 
IS  different  for  the  two  powders 


Conclusions 

(i)  Non-ai'plonicralcJ  nanoparticlcs  of  n-ZrOs  and  n-Y203  in  the  range  4  to  14  nm  in  diameter  c:m  he 
synthesized  by  the  inert  gas  condensation  process. 

ml  Ttie  as  prepared  piuider  consists  of  both  the  stable  momKlinic  phase  and  a  high  pressure 
tetr.igonal  phase.  On  compaction  the  latter  transforms  to  the  stable  phase. 

tiii)  Sintering  characteristics  largely  depend  on  the  initial  powder  properties  and  a  homogeneous 
intermediate  state  is  essential  for  full  dcnsirication  at  temperatures  below  0.5  Tam¬ 
ils)  Full  density  can  be  obtained  by  sintering  in  air  at  1135  for  60  min  and  the  same  can  be 
.istuevod  by  sintering  in  vacuum  at  975  for  40  min.  The  grain  sizes  in  both  cases  arc  well  within 
itie  naiKiscale  regime, 

IS  I  Ttie  pressures  needed  to  densify  fine  grained  materials  is  higher  as  compared  to  those  applied  to 
sinter  cotnmenial  ceramics.  Unique  pressure  effects  were  observed  in  tliese  fine  grained  materials. 
Pure  n  ZrOs  was  detasilied  by  applying  a  pressure  of  300  MPa  at  950  ‘’C  for  1  hour.  The  grain  size 
was  45  nm. 


Refenmees 

1  H  Cilcitcr.  Progress  ir  Mat.  Sci.  .  33  (4)  ( 1990). 

2  R.  L’yeda.  Progress  in  Mat.  Sci.  .  15  (5)  (1991). 

V  R.  \V  Siegel.  Nanostructured  Materials.  3.  1  ( 1993). 

4  P.  S.  Kislyi.  Va  .4.  Kryl.  V.  M  Filipenko.  Svcrfchtverdyc  Malcrialy.  6.  29-34  (1987). 

^  M.  Hahn  and  R.  S.  Averback.  Nanostructured  Materials.  I.  95  (1992). 

6  Ci.  .Messing.  S.  Zliattg  and  G.  fayanihi.  I.  Am.  Ceram.  Soc.  .  76  ( 1 1 1.  2707  ( 1993), 

7  \V  R  Cannon  and  S.  C.  Danfonh.  J,  of  Am.  Ceram.  Soc.  .65  [7|.  324(19X2). 

,X  R.  Birringer.  H,  Glcitcr.  11.  P.  Klein  and  P.  .Vlarquardi.  Phy.  Lett.  I02A.  36.5  {19X4). 

9.  G.  Skand'an,  H.  Hahn  and  1.  C.  Parker.  Scripta  Mel. .  25.  2389  (1991). 

10.  G.  Skandan.  H.  Halm.  .M.  Roddy  and  W.  R.  Cannon.  J.  Am.  Ceram.  Soc.  .  in  press. 

11.  G.  Skandan.  C.  M.  Foster.  H.  Fra.sc.  M.  N.  Ali.  J.  C.  Parker  and  H.  Halm.  Nanostructured 
.Materials.  1.313  (1992), 

12.  .A.  .’Mien.  S.  Krueger.  G.  Long.  H.  Kerch.  J.  C.  Parker.  G.  .Skandan  and  H.  Halm,  to  be  published 
in  the  proceedings  of  World  Ceramic  Congress  at  Florence.  Italy. 

13.  G,  Skandan.  H.  H.ihti.  B.  11.  Kcar.  M.  Roddy  and  W.  R.  Cannon,  (o  be  published  in  Mat,  Letters. 

14.  F.  B,  Swinkels  ;md  M.  F.  Ashby.  .Acta  Metall.  .  29  |21  259  ( 198 1 ). 

15.  R,  L.  Coble.  J.of  App,  Phy,  .41  1 12i.  4798  1 1970). 

Acknowledgctnents 

Tills  work  was  supported  in  part  at  Rutgers-Tltc  Stale  University  of  Nr  .v  Jersey  by  a  capital 
equipment  grant  to  the  Labciratory  of  Na'n'stmctured  Materials  Research.  G.  S  acknowledges  the 
support  given  by  the  Center  of  Ceramics  Research  by  allowing  the  use  of  characterization  and 
processing  facilities.  Thanks  arc  due  to  Mr.  Robert  Woodman  for  helping  witJi  die  Nitrogen 
Adsoiption  experiments. 


212 


CHEMICAL  SYNTHESIS  AND  CHARACTERIZATION 
OF  NANOSTROCTUREO  TITANIUM  ALUMINIDE 


S.T.  SCHWAB,  P.P.  PAUL.  Y-M.  PAN 

Southwest  Research  Institute,  Materials  Engineering  and  Technology  Division, 
6220  Culebra  Road,  P.  O.  Drawer  28510,  San  Antonio,  Texas  78228-0510 


ABSTRACT 

Although  plagued  by  a  lack  of  ductility,  titanium  aluminides  are  among  the  most 
promising  intetmetallics  under  development  Significant  improvements  in  ductility  may  be 
obtained  from  nanostructured  intermetallics.  Nanosize  particles  of  TiAl]  have  been  prepared 
by  heat-treatment  of  chemically  synthesized  precursor  (compound  I).  Nanosized  TiAl,  has 
been  characterized  by  chemical  analysis,  XRD,  EDS,  NMR,  and  HREM. 

INTRODUCTION 

Considerable  effort  has  been  devoted  to  the  development  of  intermetallic  compounds, 
such  as  titanium  aluminides,  for  use  in  aerospace  and  automotive  applications;  however,  their 
acceptance  has  been  hampered  by  their  lack  of  ductility.’  Three  intermetallic  compounds  or 
ordered  alloys  exist  in  the  Ti-Al  system:  TijAI,  TiAl,  and  TiAl,.’’^  Of  the  three,  TiAl, 
exhibits  the  lowest  density  and  the  best  oxidation  resistance,  but  is  the  least  ductile.’’’ 
Attempts  to  increase  ductility  through  micro-*  or  macro-’  alloying  have  yet  to  meet  with 
success.  The  availability  of  nanostructured  materials  may  be  essential  to  the  development 
of  TiAl,  with  acceptable  levels  of  ductility.* 

While  a  number  of  methods  are  available  for  the  generation  of  nanosize  particles, 
researchers  have  traditionally  relied  on  vapor  phase  or  mechanical  attrition  techniques  that 
are  not  readily  amenable  to  industrial  scale  production.’  Because  of  deficiencies  in  these 
traditional  methods,  there  is  growing  interest  in  chemical  techniques  of  producing 
nanostructured  materials.*  We  report  here  the  chemical  synthesis  and  characterization  of 
nano-structured  TiAl,.  Although  nanosize  TiAl  has  been  obtained  through  metal  vapor 
condensation,’  to  the  best  of  our  knowledge,  this  is  the  first  report  of  the  chemical  synthesis 
of  any  titanium  aluminide  and  the  first  report  of  nanostructured  TiAl,. 

Borohydride  reduction  has  been  shown  to  yield  nanosize  metals  and  alloys.”’" 
Although  the  tetrahydro- borate  adduct  of  titanium  is  stable  and  has  been  shown  to  be  a 
useful  precursor  to  titanium  diboride,”  the  corresponding  tetrahydroaluminate  adduct  appears 
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to  be  unstable.*’  Co-reduction  of  metal  chlorides  with  lithium  trielhylborohydride 
(“superhydride”)  has  been  shown  to  produce  nanosize  particles  of  single  phase  alloys." 

EXPERIMENTAL 

Co -reduction  of  TiCI,  and  AICI3  with  superhydride  yielded  a  very  reactive  solid  that, 
upon  heat  treatment  at  lOOO'C  under  inert  conditions,  converted  to  microcrystalline  TijAl, 
as  observed  by  X-ray  powder  diffraction  (XRD),  with  substantial  impurities  (primarily  LiCl) 
also  present. 

In  an  attempt  to  produce  salt-free  Ti,AI,,  a  dilute  hexane  solution  of  TilNCSiMejlj]," 
was  combined  with  an  excess  of  AlHj”  at  room  temperature,  according  to  Equation  1 .  A 
very  fine,  steel-gray  powder  precipitated  from  the  dark  solution  after  stirring  for  16  hours. 
This  pyrophoric  powder  was  washed  with  ether  and  dried  under  vacuum  to  produce 
Compound  1  in  60-65%  yield,  based  on  Ti. 

as^c 

TilN(SiMej)J,  AIM,  Powder  (1) 

Compound  I  was  pressed  into  a  cylindrical  pellet  and  heated  in  a  quartz  crucible  under 
vacuum  to  lOOO'C  for  0.5  hour.  Upon  cooling  to  room  temperature,  the  fragile  pellet  was 
crushed  to  yield  a  fine  black  powder  (2). 

RESULTS  AND  DISCUSSION 


The  solid  state  *H  NMR  (CRAMPS,  360  MHz)  spectrum  of  1  consists  of  resonances 
at  0.3  ppm  and  7.3  ppm,  which  can  be  assigned  to  -Si(CHj)j  and  -NH  protons, 
respectively. “  The  solid  state  ’’Al  MAS  NMR  spectrum  (156.4  MHz)  of  1  presents 
absorptions  at  60  ppm,  25  ppm,  2  ppm  and  -492  ppm.  While  the  absorptions  seen  at  2  ppm, 
25  ppm,  and  60  ppm  are  within  the  normal  range  of  chemical  shifts  for  ’’Al,  the  absorption 
found  at  -492  ppm  is  highly  unusual.”  Not  only  is  this  chemical  shift  far  outside  the  range 
normally  displayed  by  ”A1,  it  varies  with  applied  field  strength.  We  believe  this  unusual 
behavior  may  arise  from  paramagnetic  contact  shifts.”  The  room  temperature  X-band  ESR 
spectrum  of  1  displays  a  resonance  pattern  that  indicates  the  presence  of  one  or  more 
unpaired  electrons.  While  variable  temperature  ESR  experiments  to  further  characterize  the 
spin  system  are  in  progress,  the  presence  of  an  unpaired  electron  or  electrons  would  be 
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consistent  with  the  paramagnetic  contact  shift  hypothesis.  While  the  characterization  of  1 
is  not  yet  complete,  we  believe  it  to  be  a  of  loose  cluster  of  titanium  and  aluminum  atoms 
that  contains  relatively  few  organic  functions  and  a  substantial  number  of  “dangling  bonds." 

Comparison  of  the  XRD  pattern  obtained  from  2  (Figtue  1)  with  that  obtained  from 
a  sample  obtained  commercially  confimis  its  identity  as  TiAl).  The  XRD  pattern  also 
reveals  the  presence  of  small  amounts  of  TiOj  and  TijAL  The  HOj  is  probably  produced 
through  reaction  with  the  atmosphere,  and  should  be  eliminated  through  strict  maintenance 
of  anhydrous  and  anaerobic  conditions.  The  appearance  of  Ti,Al  is  puzzling,  but  may  be 
controlled  through  optimization  of  the  reaction  conditions  or  heat  treatment  procedure. 
Analysis  of  2  by  Energy  Dispersive  Spectroscopy  (EDS)  indicated  a  Ti:Al  ratio  of  1 :3,  while 
chemical  analysis  of  2  indicated  a  Ti:Al  ratio  of  1:2.94.  The  solid  state  ”A1  MAS  NMR 
spectrum  (156.4  MHz)  of  2  presents  a  major  absorption  at  252  ppm  and  little  indication  of 
the  unusual  resonance  at  -492  ppm  that  dominated  the  spectrum  of  1.  The  absorption  at  252 
ppm  may  be  assigned  to  TiAlj;  the  solid  state  ”A1  MAS  NMR  spectrum  (156.4  MHz)  of 
the  commercial  powder  consisted  of  a  single  resonance  at  256  ppm. 


FIGURE  1.  Powder  X-Ray  Di^cdon  Pattern  of  Nanosizc  TiAl,  (compound  2). 

A  small  portion  of  2  was  dispersed  on  holey  carbon-coated  copper  grids  for  High- 
Resolution  Electron  Microscopy  (HREM)  analyses.  Bright  field  micrograph  reveals  2  to  be 
composed  of  agglomerates  of  nanosize  particles  with  a  size  distribution  of  approximately 
5-25  nm  (Figure  2).  HREM  lattice  imaging  reveals  two  adjacent  nanocrystalline  grains 
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having  the  same  spacing  of  0.212  rnn,  which  are  consistant  with  the  lattice  fringes  expected 
from  (004)  plane  of  TiAl,  (Figure  3).  The  crystals  tend  to  be  equiaxed;  their  interfaces 
appear  to  be  sharp  at  the  grain  boundaries.  EDS  microanalysis  of  2  using  a  probe  size  of 
about  1  nm  further  confirms  its  identity  as  TiAl,. 


FIGURE  2.  Transmission  Electfon  Micrograph  of  Nanosize  TiAlj  Powder  (compound  2). 


FIGURE  3.  High-Resolution  Electron  Micrograph  Lattice  Fringes  From  (004)  Plane  of 
Nanosize  TiAIj  (compound  2). 
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CONCLUSION 


Solution  chemistry  has  been  used  for  the  first  time  to  produce  titanium  aluminide,  and 
nanostructured  TiAlj  has  been  obtained  for  the  first  time.  While  the  precursor  powder  (1) 
has  yet  to  be  fully  characterized,  it  does  yield  salt-free  TlAl,  when  heated.  We  have 
demonstrated  that  chemical  methods  can  be  used  to  produce  advanced  intermetallics  in  the 
nanosize  regime.  Bulk  specimens  of  this  chemically  derived  TiAl,  are  being  produced  with 
which  to  determine  if  the  promise  of  novel  or  improved  properties  has  been  realized  by  this 
nanostructured  material. 
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ABSTRACT 

Spray  Conversion  Processing  was  used  to  synthesize  htgh  volume  fractions  (0.52  -  0.74  )  of 
nonograined  (Fe,  Moi^C  carbide  dispersions  in  iron,  starting  from  water  soluble  pi  ecursors.  The 
essential  features  of  the  process  are,  1 1 )  preparation  of  a  chemically  homogeneous  precursor  powder, 
and  (2l  thermochemical  conversion  of  the  precursor  ponder  to  the  desired  nanostructured  composite 
powder  through  controlled  gas-,solid  reactions.  The  thermodynamic  and  kinetic  features  of  the  gas-solid 
reactions,  and  the  influence  of  various  processing  parameters  on  the  structures  developed,  are  discussed. 
The  powders  were  consolidated  to  near  theoretical  density  by  pressiirele.ss  stntering  and  hot  pressing.  All 
the  consolidated  samples  had  bicontinuous  structures.  Compared  to  M2  high  speed  tool  steels,  these  high 
volume  fraction  carbide  strengthened  iron  allovs  display  superior  hardness  values  up  to  500  "C. 


INTRODUCTION 

Nanostructured  materials  (polycrystalline  materials  with  grain  si/e  less  ilian  l(K)  nm)  have 
generated  considerable  interest  in  recent  years  1 1 .2|,  The  synthesis  of  powder  precursors  is  an  essential  step 
in  the  processing  of  nanostructured  materials.  A  number  of  physical  mctiiods.  such  as  inert  gas 
condensation  and  high  energy  ball  milling,  chemical  methods  such  as  gas  phase  combustion  synthesis, 
eleclio-deposttion  and  sol-gel  processing,  and  many  colloidal  based  prisccdurcs  have  been  useil  to 
synthesize  nanostructured  powders  1,5|.  Exposure  of  single  pha.se  nar'oslructurcd  powders  to  higli 
temperatures  during  coresolidation  leads  to  signitlcanl  grain  growth.  Thus  it  seems  imperative  to  use 
multipha.se  alloys  to  mitigate  grain  growth  during  high  temperature  coasolidation  of  naiH'structurcd 
powders. 

This  researeh  was  targeted  on  synthesis  and  processing  of  an  iron-base  alloy,  which  conltiined  a 
high  volume  fraction  of  nanodispersed  M^C  phase  (mixed  carbide  of  Fe  and  Mo.  also  known  as  h  carbide). 
Eta  carbide  (Fe.  Mol^C  (henceforth,  ri)  is  a  hard,  brittle  and  Ihermixlynamically  stable  phase  in  high  speed 
steels,  high  temperature  alloys,  such  as  superalloys  and  heal-resi.sianl  steels.  Moreover  Fe  and  ri  pha.ses 
have  limited  ntutual  solubility  and  also  a  favorable  low  interlacial  energy,  and  comparable  ihemial 
expansion  coefficients  |41. 

The  conventional  method  [5|  for  syntJiesizing  i)  carbide  phase  involves  arc  melting  of  Uw  elements, 
remelling  and  long  annealing  at  high  temperatures  to  circumvent  the  kinetic  barrier  to  obtain  the 
tJiermodynamically  stable  phase.  In  such  cases  the  niicrostructural  scale  is  coarse  (few  hundreds  of 
micron-s).  and  the  inlerconnectivity  of  i)  carbide  in  a  high  volume  fraction  composite  makes  it  inhcrenlly 
brittle.  The  Fe-Mo-C  phase  diagram  is  shown  in  Figure  I.  To  produce  Fe  +  T|'  with  different  volume 
fractions  of  t)  carbide,  the  composition  of  the  powder  has  to  be  precisely  conimllcd  within  Uie  narrow  two- 
phase  field.  None  of  tlie  methods  listed  above  is  suitable  for  syntJiesizing  the  two-phase  nanoscale  Fe  -r  ij 
-Structure  with  varying  volume  fraction  of  ri  carbide.  The  high  volume  fraction  of  nano.scale  dispersions, 
however,  can  be  achieved  by  utilizing  a  novel  chemical  processing  method,  called  Spray  Conversion 
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Processing  16],  which  has  already  been  exploited  to  (woduce  prealloyed  nanostruclured  WC  Co  powders; 
the  scale  of  WC  particles  are  typically  -  0.02  -  0. 1  pm. 

Our  basic  chemical  synthesis  method  comprises  four  sequential  steps:  (1)  preparation  and  mixing 
of  an  aqueous  starting  solution  of  ammonium  heptamolybdate  and  ferric  nitrate  in  a  predetermined  ratio,  as 
fixed  by  the  nominal  composition  of  the  fmal  product  powder,  (2)  spray  drying  of  the  starting  solution  U) 
form  an  homogeneous  precursor  powder  with  amorphous  or  microcrystalline  structure.  (3)  reductive 
decomposition  of  the  precursor  powder  in  flowing  hydrogen  to  yield  a  high  surface  area  reactive  metallic 
intermediate,  and  (4)  selective  carburization  of  the  reactive  intermediate  to  yield  the  desired  two-phase 
nanograined  powder.  The  structural  scale  of  the  fmal  product  can  be  controlled  by  adjusting  the  synthesis 
temperature.  The  composition  and  purity  of  phases  are  controlled  precisely  by  adjusting  the  carbon  activity 
of  the  carburizing  gas.  SirKe  this  process  relies  on  gas-solid  reactions,  it  has  gixxl  reproducibility  and 
potential  for  scale-up.  Moreover,  it  is  not  necessary  to  resort  uj  blending  of  powders  of  individual  phases, 
and  energy  intensive  ball-milling  to  achieve  uniform  dispersions. 

In  this  paper,  we  describe  procedures  for  synthesis  of  prealloyed  Fe-q  carbide  powders,  and  for 
their  consolidation  by  hot  pressing  and  pressureless  sintering. 


EXPERIMENTAL 


1 )  Preparation  of  precursor  powders 


Aqueous  solutions  of  ferric  nitrate  and  ammonium  hepta-molybdatc  were  mixed  to  achieve  52.  60. 
68  and  74  vol%  dispersions  of  q  carbide  in  the  iron  matrix.  The  nominal  compositions  were  calculated  on 
the  assumption  of  stoichiometric  (FejMo,)C  carbide  and  x-ray  density  of  carbide.  Spray  drying  of 
aqueous  solutions  was  carried  out  in  DL-11®  spray  drying  unit.  The  XRD  traces  of  spray  dried  powders 
shows  patterns  characteristic  of  amorphous  compounds  (Figure  2),  indicating  homogeneous  mixing  of 
inorganic  salts  without  any  phase  separation.  All  the  spray  dried  powders  were  hygroscopic  in  nature  due 
to  presence  of  ferric  nitrate.  The  precursor  powders  were  pyrolyzed  in  argon  at  3{X)  °C  to  gel  rid  of  the 
volatile  constituents  (ammonium  and  nitrate  ligands,  water  of  crystallization).  This  reduced  the 
hygroscopicity  and  eliminated  the  tendency  of  the  precursor  powders  to  form  agglomerates.  The  XRD 
traces  (Figure  2)  of  the  pyrolyzed  powders  showed  unidentiried.  poorly  defined  crystalline  peaks.  There 
was  no  evidence  for  any  pure  binary  iron  or  molybdenum  oxides.  The  Fe-Mo-O  system  contains  a  family  of 
double  oxides,  and  presumably  some  kind  of  mixed  oxide  is  formed.  The  pyrolyzed  powders  retained  the 
broken  shell  morphology  of  the  spray  dried  powder,  varying  in  size  from  2-50  pm. 
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Figure  I  Phase  diagram  ofFe-Mo-C, 

isothermal  section  at  1000  "C  (5 / 


Figure  2  XRD  patterns  of  spray  dried 

and  pyrolyzed  powders 
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2)  Thermochemical  conversion  of  precursor  powders 

The  theimochcmical  conversion  of  precursor  powders  was  monitored  in  a  themiograviraetnc 
analyzer  (TGA).  Sample  weight  changes  were  nionitoied  using  a  Calm  1000  microbalance.  Reactive  gases 
were  supplied  from  a  gas  manifold,  through  Brooks  mass  Qow  controllers.  Samples  were  placed  in  a 
platinum  boat  which  was  suspended  in  a  vertical  tube  furnace.  The  tcachon  temperature,  gas  How  rate,  and 
the  weight  change  were  plotted  using  a  computer  program.  About  100  mg  of  sample  was  taken  in  each 
case.  Each  •>mple  was  heated  to  the  reaction  temperature  at  a  rate  of  15  “CVmin.  Reduction  was  carried  out 
in  flowing  hydrogen  and  subsequenUy  a  carburizing  gas  mixture  was  introduced.  To  evaluate  the  powder 
structure,  prior  to  carburization,  the  reductive  decomposition  was  carried  out  isothermally  at  600 . 650.  and 
700  “C  in  pure  hydrogen.  Passivation  was  done  at  room  temperatuie  to  overcome  the  pyrophoric  nature  of 
the  fully  reduced  product.  The  procedure  followed  was  pure  argon  for  30  minutes  to  scavenge  the  system, 
followed  by  2%  Oi/Ar  for  30  minutes  and  4%  Oj/Ar  for  30  minutes  Carburization  experiments  were 
carried  out  at  700  °C  until  the  weight  in  TGA  reached  a  plateau.  Carbon  activity  was  varied  from  0. 1  to 
0.9  at  0. 1  steps  by  adjusting  gas  flow  rates  of  Ar.  CO.  COj  while  maini.iimng  the  oxygen  potential  was  5  x 
10  atm  to  prevent  the  formation  of  MoOj  XRD  analyses  of  the  powder  samples  were  carried  out  in  a 
Siemens  diffractometer  using  Cuj-q  source  and  graphite  monochromator.  Scanning  Elecmrn  microscopy 
was  carried  out  using  an  AMRAY  1200  microscope,  operating  at  20k V. 

DISCUSSION  OF  RF,SULTS 

A.  Powder  Synthesis 

I.  Reductive  decomposition  of  precursor 

In  the  temperature  range  600-700  "C,  the  reduction  profiles  showed  similar  trends  for  all 
compositions  investigated.  Figure  3  (a)  and  (b).  Weight  loss  was  gradual  and  was  complete  in  a  single 
stage.  At  lower  temperatures,  the  reduction  profile  is  a  superposilion  of  rapid  weight  loss  and  a  gradual 
weight  loss.  This  can  be  explained  on  the  basis  of  the  different  thermodynamic  stabilities  of  iron  and 
molybdenum  oxides  and  their  solid  solutions. 


Figure  3  Reduction  kinetics  of  (a)  52  vol%  precursor,  (b)  74  vol%  precursor 

XRD  patterns  of  the  two  compositions  (52  and  74  vol%)  showed  an  inan  peak  and  a  diffuse,  broad 
peak  in  the  two  theta  range  of  35  to  47  degrees.  Figures  4  (a)  and  (b).  The  diffuse  pattern  corresponds  to  d 
spacings  of  Fe7M05.  Such  diffuse  panems  are  signatures  of  poorly  crystalline,  or  nanocrystalline 
structures.  But  in  the  two  compositions,  the  broad  peak  is  at  the  same  two  theta  posibon.  suggesting  that  an 
identical  nanocrystalline  phase  is  formed  in  both  cases.  The  width  of  the  broad  peak  is  unchanged 
irrespective  of  reduction  lemperature.  The  fully  reduced  intermediate  is  pseudomorphic  with  the  original 
precursors  powder,  but  with  reduced  dimensions  and  with  a  lot  of  submicron  pores. 
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Figure  •/ 


XRD  patterns  of  reduced  intermediates  (a)  52  vol%  precursor,  (b)  74  \ol%  precursor 


2)  Gas  phase  carburization  of  reactive  intermediate 
a)  Thermodynamic  considerations 

Equilibrium  phases  that  can  be  obtained  by  addition  of  carbon  lo  die  reduced  mtcmicdiaie  arc 
Octemiincd  by  the  Fe-Mo-C  phase  diagram.  At  die  lower  temperature  of  71X1  "C.  die  established  phase 
diagram  at  1000  °C  is  at  best  an  approximation.  Tlie  carbon  activity  of  die  system,  a^. .  vanes  ui 
accordance  with  the  Gibb's  phase  mle.  If  the  temperature  and  pressure  is  kept  constant,  in  the  three- 
component  system,  there  will  be  variation  in  the  carbon  activity  in  the  two  phase  field,  whereas  the  carbon 
activity  will  be  invariant  in  the  three  phase  field. 


0  10  20  30 

carburization  time  (minutes) 


Figure  5  Carburization  kinetics  of  reduced  intermediates  of  la)  52  vol%  precursor,  (b)  74  vol% 

precursor  ai  700  "C 


The  XRD  traces  of  the  reaction  products  at  four  different  carbon  activities  are  shown  in  Figure  6 
(a)  and  (b).  It  is  seen  that  at  carbon  activities  <  0. 1 .  we  get  the  equilibrium  two  phase  mixture  of  iron  and 
eta  carbide,  for  both  the  extreme  compositions  investigated.  Although  the  composition  variation  across  the 
two  phase  field  is  small,  the  carbon  activity  variation  is  large.  This  pemiiis  control  of  both  the  carbon 
content  and  phase  purity  of  the  carburized  end  product. 

b)  Kinetic  Considerations 

The  rate  cf  any  gas-solid  reaction  can  be  either  diffusion  controlled,  or  interface  controlled  or 
mixed  mode,  depending  on  the  reaction  conditions,  particle  size,  and  the  particular  system.  In  any  case,  the 
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overall  reaction  rate  is  proportional  to  the  reaction  surface  area  and  is  maximum  when  the  available  surlacc 
area  is  maximum.  The  hi^  surface  area  of  the  nanoporous  reaction  intermediate  peimits  the  caibunzation 
to  be  carried  out  at  lower  temperature  and  minimum  time,  thereby  limiting  grain  growth  of  the  carbide 
phase. 


30  40  so  eo 
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Figure  6  XRD  patterns  of  700  “C  carburized  samples  of  la)  52  vo/%  precursor,  lb)  74  vol% 
precursor 


Figure  5  (a)  and  (b)  shows  the  carburization  kinetics  at  700  "C.  In  most  cases  during  carburization. 
Mo^C  is  formed  as  a  metastable  intermediate.  This  is  indirectly  confirmed  by  an  initial  weigh!  pick  up 
during  carburization  at  0. 1  carbon  activity  and  sli^t  weight  loss  (decarburization)  to  give  iron  and  eta 
carbide.  A  lower  carburization  activity  in  the  gas  phase  will  enhance  the  decarburization  kinetics  and  thus, 
carburization  was  carried  out  at  0. 1  activity  to  eliminate  other  pitxiucts  due  to  kinetic  constraints.  At  higher 
carbon  activities,  where  Mo^C  is  stable,  the  amount  of  carbon  is  high  in  the  case  of  74  vol%  precursor, 
which  contains  higher  molybdenum.  There  has  been  various  schools  of  thought  pertaining  to  the  MojC  to 
M^C  transformation  during  tempering  of  molybdenum  containing  steels.  MojC  has  limited  solubility  (5 
wt%)  in  iron.  It  has  hexagonal  structure  and  forms  as  needles  due  to  surface  energy  anisotropy  as  a  result 
of  its  crystal  symmetry.  The  ti  carbide  has  FCC  structure  and  tends  to  forni  as  spheroids.  The  change  from 
needle  to  spheroid  morphology  is  triggered  by  the  reduction  in  surface  energy  and  this  occurs  in-siiu.  This 
can  occur  by  (1)  nucleadon  of  M^C  at  the  interface  between  iron  and  M02C.  with  subsequent  growth 
controlled  by  diRiision  in  the  matrix.  (2)  nucleadon  of  M^C  inside  the  Mo^C  particle  and  diffusion 
controlled  growth  of  the  nucleated  phase.  In  our  case,  the  first  mechanism  seems  to  be  more  probable 
because  of  the  controlled  carbon  potential  in  the  gas  phase,  which  ulUmately  drives  the  reatf  ion.  The  rate  of 
transformation  is  determined  by  diffiistvity  of  molybdenum,  whereas  the  spheroidization  of  MOjC  to  M^C 
is  determined  by  diffusivity  of  iron  at  the  synthesis  temperature. 

The  kinetics  of  carburization  of  the  74  vol%  reactive  intermediate  is  followed  at  600.  650  and  700 
at  carbon  activity  0.1.  The  XRD  traces  of  reaction  products  are  given  in  Figure  7.  At  600  "C.  even  after 
carburization  for  12  hours,  there  is  a  mixture  of  iron  and  MOjC.  On  the  other  hand,  at  700  “C.  complete 
conversion  to  iron  and  M^C  is  achieved  in  one  hour.  This  corroborates  the  far!  dial  diffusion  of 
molybdenum  is  the  rate  determining  factor  for  the  MojC  to  MjC  transformation.  There  is  no  significant 
grain  growth  due  to  prolonged  annealing  at  700  ”C.  The  scanning  electron  micrograph  (Figure  9)  of  the 
carburized  powder  is  pseudomorphic  with  that  of  the  reduced  intennediaie.  The  average  grain  size  of  both 
phases  is  arourxl  50nm.  Figure  8  shows  the  XRD  traces  of  different  volume  fraction  carbide  dispersions 
synthesized  at  700  °C.  The  intensity  of  carbide  peaks  increases  with  increasing  content  of  q  carbide,  with  a 
corresponding  decrease  in  the  intensity  of  iron  peak.  The  grain  sizes  of  both  phases  remain  more  or  less 
unaffected. 


B.  Powder  Consolidation 

The  powders  were  consolidated  to  theoretical  density  by  pressurele.ss  sintering  [7,91  and  hot 
pressing  [8].  In  both  cases,  a  bicontinuous  structure  was  obtained  Pressureless  sintering  resulted  in  a 
relatively  coarse  carbide  grain  size  of  0.6  -  1.5  pm.  With  hot  pressing  (8).  the  grain  size  of  carbide  was 
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Figure  7  XRD  patterns  reaction  products  of 

74  vo!%  precursor  a!  lor  teinperanire 


30  40  50  6C 

TWO  theta  .degrees I 

Figure  H  XRD  patterns  of  as-synihesized 
cermet porders  w.t/i  different 
volume  fractions  of  t.trhide  phase 


Figure  9  Scanning  electron  micrograph  of  carburized  end  product  powders 


lowered  to  200  -  300  nm.  Pressureless  sintering  of  intermediate  volume  fraction  (60  and  68  vol%)  t) 
carbide  composites  yielded  submicron-grained  structures  19).  in  contrast  to  single  phase  materials  which 
would  have  yielded  structures  in  tens  to  hundreds  of  microns.  Thus,  two-phase  nanogtained  Fe  -  Ti  powders 
with  optimal  volume  fraction  (60  -  68  vol%  of  hard  phase)  appear  to  mitigate  grain  coarsening  during 
sintering.  Furthermore,  subsequent  annealing  at  higher  temperatures  caused  no  further  coarsening  of  the 
carbide  grain  size. 

C.  Hot  Hardness 

Frgures  10  (a)  arul  (b)  show  temperature  depetxJence  of  hardness  of  the  consolidated  samples.  The 
hardness  increases  with  volume  fraction  of  carbide,  for  both  the  pressureless  sintered  and  hot  pressed 
samples.  A  hardness  of  760  kg/mm^  is  obtained  for  the  ptessureless  sintered  74  vol%  carbide  composite 
and  the  corresponding  value  for  52  vol%  is  415  kg/trun^.  There  was  no  visible  cracking  at  the  comets  of 
the  indentations,  even  under  a  load  of  30  kg  for  the  52  vol%  composite,  but  in  some  cases,  wavy  cracking 
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was  observed  in  the  74  vol%  composite  "Tiis  suggests  that  these  bicontinuous  composite  maicnals  are  not 
inherently  brittle.  A  hardness  value  of  780  kg/mm’  is  obiiincd  for  the  hot  presseil  52  vohif  caibide 
composite,  whereas  for  the  74  vol%  material  it  is  1020  kg/mm"  In  all  the  composites,  the  hot  pressed 
samples  demonstrated  higher  hardness  values 

The  hot  hardness  of  these  bicontinuous  composite  materials  is  relauvely  insensitive  to  temperature 
up  to  4lX)  -  500  ‘’C,  depending  upon  the  carbide  content  All  the  samples  showed  better  i.ot  hardness  th^n 
M2  high  speed  tool  steel.  High  hardness  in  M2  tool  steel  is  obtained  by  dispersion  of  M(,C  carbides  in  a 
tempered  martensite  matrix.  So  the  tiardness  falls  off  rapidly  at  high  temperature  because  marlensiie  Icses 
its  strength. 


Temperature  (Ci 


0  200  400  600  8(Ki  1000 
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Figure  10  Hot  hardness  dam  for  (a)  pressureless  sintered  samples .  Ih>  hot  pressed  samples  Also 
shown  IS  hardness  data  for  M2  htgh  speed  steel 


SUMMARY 

We  have  shown  that  spray  conversion  ptt>ccs.sing  is  a  viable  mcaas  of  producing  high  volume 
fraction  (>  52  vol%)  of  nanograined  dispersions  of  0  carbide  in  iron.  From  preliminary  investigations,  these 
materials  can  be  consolidated  to  full  density,  yielding  bicontinuous  structures  that  possess  acceptable 
toughness.  Experiments  are  in  progress  to  evaluate  high  temperature  strength  and  creep  propcrlies. 
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ABSTRACT 

Nanocrystalline  iron  powders  were  produced  by  means  of  the  gas  condensation  Pure 
nitrogen,  or  oxygen,  or  air,  was  introduced  into  the  as-made  powders  before  they  were  taken 
from  the  chamber  Various  atmospheres  produced  varied  layer  structures  around  the  iron 
particles  A  high  resolution  transmission  electron  microscope  was  used  to  analyze  the  crystal 
structure  and  vibrating-sample  magnetometer  was  used  to  measure  the  magnetic  properties  of 
nanocrvstalline  iron  particles  The  results  showed  that  a  layer  of  amorphous  or  nanocrystalline 
stitJCture  was  formed  initially  on  the  surface  of  iron  particles  This  thin  amorphous  layer 
crystallized  into  Fe,Oj  after  annealing  under  electron  irradiation  when  the  introduced  atmosphere 

was  pure  oxygen  or  air  However,  it  formed  a  passivated  layer  of  C-FCjN  when  nitrogen  was 
introduced  The  exchange  anisotropy  between  the  iron  core  and  the  superficial  iron  oxide  or 
nitride  shell  was  observed  as  the  sample  was  cooled  in  an  applied  field  of  10  kOe  from  room 
temperature  to  5  K  The  shift  of  the  hysteresis  loop  caused  by  exchange  anisotropy  was  16  “/b 
for  the  nitride  shell  and  8  %  for  the  oxide  shell. 

INTRODUCTION 

Nanocrystalline  (NC)  materials  can  be  made  by  various  methods  including  chemical 
reduction[l],  sputter  deposition[2],  gas-condensation  techniques[3-5J,  and  others[6]  The  gas- 
condensation  method  produces  powders  with  a  narrow  distribution  of  sizes 

Nanocrystalline  iron  powders  are  chemically  active.  A  passivated  layer  forms  on  the  surface 
of  powders  when  a  little  air  or  Oj  leaks  slowly  into  the  chamber  before  the  powders  are  removed 
\'aried  structures  of  the  passivated  layer  are  obtained  depending  on  the  process  The  structure 
determination  of  the  passivated  were  achieved  with  various  instruments  These  instruments 
include  X-ray  diffractometer,  Mossbauer  spectrometer,  high  resolution  transmission  electron 
microscope  (HRTEM),  and  transmission  electron  microscope  (TEM)  Different  results  were 
obtained  by  different  groups  Fe,©,  or  y-FejOj  is  the  most  common  structure  which  people 
agreed[7-15] 

Saturation  magnetization  of  fine  particles  is  less  than  that  of  bulk  materials  and  decreases 
with  decreasing  size  of  particles  A  varied  model  was  built  to  explain  the  decrease  of  saturation 
of  magnetization  of  fine  particlc[16-'9]  Also  the  origin  of  the  coercivity  of  fine  particle  is 
different  depending  on  the  hypothesis  that  people  made[!4, 18-22] 

The  purposes  of  this  work  were  to  determine  the  structure  of  the  passivated  layer  and  the 
effect  of  various  passivated  layer  on  the  magnetic  properties. 


227 

Mat.  Res.  Soc.  Symp.  Proc.  Vot.  351.  *^1994  Matarials  Research  Society 


EXPERIMENTAL 


Ultrafine  partic\es  of  iron  were  prepared  by  means  of  the  gas  condensation.  Pure  iron  was 
placed  in  a  resistively  heated  tungsten  boat.  It  evaporated  and  condensed  on  the  surface  of  a  trap 
cooled  with  liquid  N,.  Oxygen  or  air  at  a  flow  rate  S  standard  cubic  centimeter  per  minute 
(SCCM)  and  900  Pa  or  nitrogen  at  a  flow  rate  100  SCCM  and  9000  Pa  was  introduced  to  the 
chamber  for  one  hour  to  form  a  passivated  layer  around  the  powders  before  they  were  removed 
from  the  chamber 

superconducting  quantum  interference  (SQUID)  magnetometer  was  also  used  to  measure 
the  magnetic  propenies  This  task  was  done  by  cooling  the  samples  in  an  applied  field  of  10  kOe 
from  room  temperature  to  5  K  at  which  the  hysteresis  loop  was  measured 

TEM  images  were  taken  with  a  TEM/STEM  (Hitachi  800).  Selected  area  diffraction 
patterns  were  used  to  identify  the  structure.  The  HRTEM  image  was  formed  with  a  TEM 
(JOEL-4000EX)  operating  at  400  kV.  The  images  from  the  HRTEM  were  processed  with 
commercial  software  (Adobe  Photoshop)  and  the  optical  diffraction  pattern  was  obtained  from  a 
fast  Fourier  transfoimation  (FFT)  program 

RESULTS  AND  DISCUSSION 

Surface  Analysis  of  Nanocrystalline  Iron 

As  the  particles  made  by  gas  condensation  are  small,  it  is  not  easy  to  identify  the  crystal 
structure  of  the  layer  around  the  iron  by  X-ray  diffractomelry.  High  resolution  transmission 
electron  microscopy  is  an  alternative  method.  As-made  powders  exposed  to  pure  oxygen  before 
being  removed  from  the  chamber  show  an 
oxide  layer  with  thickness  of  4  5  nm  around 
the  iron  core  (figure  I )  High  resolution  TEM 
observation  of  this  oxide  layer  initially 
indicated  no  crystalline  structure  However, 
after  exposure  of  the  sample  to  the  electron 
beam  about  30  minutes,  an  island-like 
crystalline  area  (figure  2(a)  area  A)  appeared 
This  small  area  of  crystalline  structure  is 
believed  to  be  induced  by  electron  irradiation 
In  order  to  identify  this  crystalline  structure, 
the  atomic  fringe  image  was  processed  (figure 
2(b))  and  transformed  to  an  optical  diffraction 
pattern  through  FFT  as  shown  in  figure  2(c). 

The  diffraction  pattern  is  indexed  as  the  [T 14] 
zone  of  a  FCjO^  spinel  structure  The  same 
procedure  was  used  to  examine  the  formation  of  oxide  layer  when  the  Oj  atmosphere  was 
replaced  with  air.  The  results  indicate  that  an  air  atmosphere  also  produces  a  FCjO^  layer. 

The  nanophase  iron  powders  treated  with  nitrogen  give  a  different  result.  A  nitride  layer 
was  formed  on  the  surface  of  these  powders.  Figure  3a  shows  a  small  crystalline  structure  (area 
A)  This  area  was  processed  with  image  analysis  (figure  3b)  and  transformed  to  the  optical 
diffraction  pattern,  through  the  FFT,  shown  in  figure  3c  which  was  indexed  as  the  [001]  zone  of 


Figure  1  :  TEM  image  of  as-made  iron  powders 
exposed  to  Oj  showing  an  oxide  layer  indicated 
by  arrow  A. 
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^-Fe^N.  The  crystalline  area  A  is  due  to  exposure  to  the  electron  beam  about  the  30  minutes 
which  caused  partial  crystallization  of  amorphous  structure. 


Figure  2  .  (a)  High  resolution  image  of  as- 
made  nanophase  iron  powders  exposed  to  Oj; 
(b)  processed  image  of  area  A.  (c)  optical 
diffraction  pattern  from  (b)  by  means  of  FFT. 


Figure  3  ;  (a)  High  resolution  image  of  as- 
made  nanophase  iron  powders  exposed  to  Nj ; 
(b)  processed  image  of  area  A;  (c)  optical 
diffraction  pattern  from  (b)  by  means  of  FFT. 


To  confirm  the  result  from  the  HRTEM,  we  employed  the  SAD  pattern  of  TEM  (figure  5) 
for  nanophase  iron  particles  exposed  to  Oj.  air  or  Nj.  Because  the  particles  are  so  small,  the 
SAD  patterns  of  these  three  samples  are  ring  patterns  that  are  a  combination  of  an  iron  pattern 
and  a  diffuse  ring  at  the  center  (figure  4a  &  c).  In  an  attempt  to  confirm  that  the  crystalline  area 
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observed  in  HRTEM  was  induced  by  the  electron  irradiation,  we  exposed  the  samples  to  the 
condensed  electron  beam  of  TEM  for  ten  minutes.  The  inner  diffuse  ring  altered  to  distinct  ring 
spots  (figure  4b  &  dV  Hence  it  is  evident  that  annealing  the  as-made  iron  powders  with  an 
electron  beam  causes  crystallization  of  the  amorphous  oxide  or  nitride  layer.  The  crystalline 
structure  of  the  surface  layer  of  nanophase  iron  particles  exposed  to  O,  or  air  was  then  identified 
as  FejO^  (figure  4b).  The  ?-FejN  structure  obtained  from  HRTEM  in  nanophase  iron  particles 
exposed  to  Nj  was  also  confirmed  again  by  TEM  (figure  4d). 


Figure  4  ;  TEM  selected  area  diffraction  pattern  of  nanophase  iron  powders  exposed  to  Oj  and 
air;  (a)  as-made;  (b)  affer  annealing  with  the  electron  beam;  and  nanophase  iron  powders 
exposed  to  N^;  (c)  as-made  (d)  after  atuiealing  with  electron  beam. 

Surface  Anisotropic  Effects  on  Magnetic  Properties 

The  magnetic  properties  of  iron  particles  with  varied  outer  layers  were  investigated.  Figure 
5  shows  that  the  saturation  magnetization  of  oxide-  and  of  nitride-  coated  particles  are  almost  the 
same  at  room  temperature.  The  coercivities  of  oxide-  coated  particles  at  room  temperature  are 
slightly  larger  than  that  of  nitride  coated  particles  when  the  particle  sizes  are  between  20  and  40 
nm  (figure  6).  If  the  particle  size  is  less  20  nm,  both  samples  have  almost  the  same  magnitude  of 
coercivity.  This  result  indicates  that  the  interactions  between  the  spins  of  iron  and  of  iron  nitride 
or  iron  oxide  are  similar  at  room  temperature.  According  to  Meiklejohn  and  Bean[23],  this 
interaction  between  the  spin  of  the  iron  core  and  spin  of  outer  layer  is  called  exchange  anisotropy. 
In  their  research,  they  found  an  exchange  anisotropy  between  an  antiferromagnetic  and  a 
ferromagnetic  material.  In  order  to  inspect  the  effect  of  exchange  anisotropy  on  the  coercivity, 
we  cooled  samples  in  an  applied  field  10  kOe  from  room  temperature  to  5  K  and  the  hysteresis 
loop  was  measured  at  S  K. 
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Figure  7  shows  the  hysteresis  loop  of  field- 
cooled  nitride-coated  particles  of  mean 
diameter  of  1 .)  nm  ana  applied  maximum  field 
55  kOe.  The  loop  is  shifted  to  the  left  from  its 
symmetrical  origin.  To  emphasize  the  shift  of 
the  loop,  the  figure  shows  only  the  loop  with  H 
between  -5000  Oe  and  5000  Oe,  and  the 
amount  of  shift  is  defined  as  in  which 

and  represent  the  intrinsic  coercive 
forces  in  the  forward  and  reverse  directions, 
respectively  As  the  loop  is  only  slightly 
asymmetry,  the  abc  segment  in  the  third  and 
fourth  quadrants  of  the  loop  is  superimposed 
onto  the  first  and  second  quadrants  of  the  loop; 
the  amount  of  shift  is  305  Oe  with  the  - 
1845  Oe  and  =  1540  Oe  The  loop  was 
shifted  about  16%  to  the  left  This  exchange 
anisotropy  was  also  found  between  iron  and 
iron  oxide  layer  in  nanophase  iron  particles  of 
mean  diameter  14  nm.  However,  it  is  not  as 
large  as  for  the  nitride-coated  iron  particles. 
The  loop  is  shifted  about  8%  for  the  oxide- 
coated  iron  particles. 

According  to  these  results  the  nitride- 
coated  particles  show  greater  anisotropy  at 
lower  temperature  The  greater  coercivity 
(1845  Oe)  of  nitride-coated  nanophase  iron 
particles  at  5K  is,  therefore,  due  to  its  larger 
exchange  anisotropy.  The  magnitude  of  this 
exchange  anisotropy  depends  on  the  material. 
Meiklejohn  and  Bean  found  a  large  exchange 
anisotropy  between  antiferromagnetic  and 
ferromagnetic  materials  Here  the  FejO,  is 
ferrimagnetic  and  iron  is  fer^  "lagnetic  at  5  K. 
This  result  indicates  that  cAei.,..ige  anisotropy 
also  exists  between  ferromagnetic  and 
ferrimagnetic  materials,  but  it  is  small.  The 
magnetic  type  of  the  nitride  layer  at  5  K  is 
unclear,  but  according  to  the  above  result  its 
exchange  anisotropy  appears  to  be  larger  than 
for  the  oxide-coated  particle 

CONCLUSIONS 

1 .  Iron  powders  made  by  gas  condensation 
form  a  passivated  layer.  This  layer  with  an 
amorphous  or  nanocrystalline  structure  is  an 


Figure  5  .  Saturation  magnetization  vs  mean 
particle  size  at  room  temperature  for  nanophase 
iron  particles  exposed  to  Oj  or  Nj  atmospheres 
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Figure  6  :  Coercivity  vs.  mean  particle  size  at 
room  temperature  for  nanophase  iron  particles 
exposed  to  Oj  or  Nj. 
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Figure  7  :  Hysteresis  loop  of  field-cooled 
nitride-coated  iron  powders  with  mean  particle 
size  about  13  nm  showing  a  shift  305  Oe  at  5  K. 
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iron  oxide  when  the  powders  are  exposed  to  pure  oxygen  or  to  air,  but  an  iron  nitride  if  exposed 
to  nitrogen.  The  oxide  amorphous  structure  transforms  to  FejO^  and  the  nitride  amorphous 
structure  transforms  to  ^-Fe^N  crystalline  structure  when  they  are  annealed  with  an  electron 
beam. 

2  The  exchange  anisotropy  exists  in  both  oxide-coated  iron  particles  and  nitride-coated  iron 
particles.  The  amount  of  shift  of  the  hysteresis  loop  can  reach  305  Oe  for  the  nitride-coated  iron 
particles,  and  the  loop  is  shifted  about  16%  to  the  left.  For  the  oxide-coated  iron  powders,  the 
amount  of  shift  is  120  Oe,  and  the  loop  is  shifted  about  8%.  The  greater  coercivity  of  nitride- 
coated  nanophase  iron  particles  at  5  K  is  caused  by  a  larger  exchange  anisotropy 
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ABSTRACT 


To  develop  novel  polypeptide-based  thin  films,  a  series  of  star  polypeptides  modified  with 
nonlinear  opiiccl  chromophores  has  been  synthesized.  Using  amino-substituted  tetraphenyl 
porphyrin  as  an  initiator  the  N-carboxy  anhydride  of  y-benzyl  L-glutamic  acid  was  polymerized 
onto  the  porphyrin  at  a  monomer  to  initiator  ratio  20;  1 .  The  resulting  four-branch  star  was 
modified  with  a  selection  of  dyes.  Dyes  that  modified  both  the  N-terminus  and  benzyl  side 
chain  were  used.  We  demonstrated  feasibility  of  insertion  of  a  metal  ion  into  the  polypeptide 
porphyrin  core.  The  polypeptide  series  was  characterized  by  UVA^IS.  FTIR.  and  CD  The 
I  V/VIS  data  suggested  ease  of  modification  of  both  the  N-terminus  and  side  chains.  The  FTIR 
and  CD  data  show  the  resulting  polypeptides  were  a-helical.  The  results  demonstrate  the 
feasibility  of  modifying  the  optical  properties  of  a  porphyrin  by  three  approaches:  insertion  of 
metal,  attac'.imem  of  dye  to  N-terminus  or  modification  of  y-benzyl  L-glulamate  side  chain. 


INTRODUCTION 


Polypeptides  provide  conformationsta-helix,  P-sheel,  P-lurn  and  coil)  useful  for 
construction  of  supramolecular  as.semblies.  A  possible  architecture  is  a  multi-branched  star(  1  ], 
with  potentially  unique  colligative  and  thin  film  properties.  With  a  porphyrin  core,  the  star  has 
combined  porphyrin  light  sensitivity  and  polypeptide  colligative  properties.  Rece  >.  work  on 
p<jrphyrin-peptide[2J-(4]  and  porphyrin-chromophore  systems|5)  demonstrates  the  feasibility  of 
peptide-chromophore  as.sembly  synthe.sis.  Porphyrins  are  nonlinear  absorbers  with  optical 
switching  and  limiting[6)  and  light  harvesting  arrayl?]  applications.  Insertion  of  a  heavy  atom 
into  the  porphyrin  gives  enhanced  intersystem  crossing  rates  in  reversible  saturable  absorption 
experiments(8|.  We  synthesized  a  four  branch  polypeptide  star,  I.  by  polymerizing  y-benzyl  L- 
glutamic  acid  N-carboxy  anhydride  onto  tetra-p-aminophenyl  porphyrinlFig.  1 ).  This  system  has 
three  modification  sites;  the  polypeptide  N-terminus,  the  y-benzyl  L-glutamate  side  chain,  and 
the  metal  insertion  site.  The  four  branch  star  was  modified  with  NLO  and  photochromic  dyes, 
both  at  the  star  branch  N-termini,  the  y-benzyl  L-glulamate  ester  side  chains  and  by  heavy  metal 
atom(Pb)  insertion. 


SYNTHESIS  METHODS 


Stilbenes  1-3,  obtained  from  Dr.  Charles  SpanglerfDept.  of  Chemistry,  Northern  Illinois 
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University),  1'-  (2-carboxyethyl)-6-nitro  spiro(2H-l-benzopyran-2,2'-indoline)  (COOH-BIPS) 
(Chroma  Chemical,  Dayton  OH)  and  all  other  materials)  Alt^ch  Chemical  Co.)  were  used 
without  further  purification 

Polypeptide  Synthesis  of  tetra-/>-aininophenyl  porphyrin  was  by  standard  methods[91. 
y-Benzyl  L-glutamate  N-carboxyanhydride  (0.008  mole)[10]  and  tetra-p-aminophenyl 
porphyrintO.OOOl  mole)  was  dissolved  in  dry  dichloromethane,  refluxed  for  30  min  and  stirred 
at  riHim  temperature  2  days  The  polymer  was  precipitated  with  methanol  and  washed.  Two 
more  subsequent  dissolution/precipitation  cycles  were  performed  to  ensure  complete  removal  of 
monomer. 


Dye  AaacHmtmi  Siu$ 


Fig.  1  Four  branch  polypeptide  staifl)  with  three  types  of  modification  site 
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CarbiixyBIPS 
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Disperse  Oranxe  3 

Lead  {!!)  Acetate 

Fig.  2  Compounds  used  to  test  polypeptide  modification  procedures 
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A  series  of  dyes(  Fig.  2 )  was  chosen  to  lesl  various  polypeplide  modification  procedures. 
Modification  of  the  N-termini  was  performed  by  carbodiimide  chemistry{stilbene  1,  stilbene  2, 
carboxy-BlPS).  Modification  of  the  y-benzyl  L-giutamate  side  chain  was  performed  by 
transesterificationtstilbene  3)  or  ester  to  amide  conversionfdisperse  orange  3).  Lead(ll)  acetate 
was  used  for  metal  insertion  experiments. 

Stilbene  I,  Stilbene  2,  COOH-BIPS  1(6  x  10"^  mole  NH2).  dye(24  x  10"^  mole). 
diisopropylcarbodiimide(0.(X)l  mole),  hydroxyben20triazole(6  x  10"^  mole)  were  dissolved  in 
just  enough  DMF/dioxane  to  dissolve.  The  mixture  was  heated  for  2-3  days  at  40  “C.  Upon 
cooling,  the  modified  polypeptide  was  precipitated  with  chilled  methanol  followed  by  methanol 
wash. 

Stilbene  i  1  (6  x  10"^  mole  NHi):  Dye.p-toluene  sulfon.c  acid,  1;5:3  were  dissolved  in 
minimum  amounts  of  DMF/dioxane.  The  mixture  was  heated  at  75  for  3  days  L'pon 
cooling,  the  polymer  was  precipitated  with  chilled  methanol  and  washed  with  methanol. 

Disperse  Orange  j  1(6  x  10'^  mole  NH2),  disperse  orange  3(6  x  I0'5  mole),  KCN(6  x 
10"^  mole)  was  dissolved  in  12  drops  DMF,  then  6  drops  MeOH  added.  The  mixture  was  heated 
at  40  °C  for  3  days.  The  product  was  precipitated  out  in  chilled  methanol,  followed  by  a 
methanol  w'ash(  11). 

Lead(ll)  Acetate.  Lead-modified  polypeptide  was  prepared  by  standard  methodsl  1 2|. 


RESULTS  AND  DISCUSSION 


In  the  preparation  of  I  and  its  derivatives,  we  u.sed  a  monomer  to  amino  group  ratio  of 
20: 1 ,  resulting  in  an  average  of  20  amino  acids  per  .star  branch  with  unknown  variation  in  branch 
length.  Rapid  propagation  relative  to  initiation  would  result  in  one  of  the  four  star  branches 
being  significantly  longer  than  the  other  three.  It  is  fea.sible  to  vary  the  monomer  to  initiator 
ratio,  with  corresponding  changes  in  solubility,  processability  and  optical  properties.  The 
circular  dichroism  spectrum  of  I  and  all  derivatives  dissolved  in  trimethyl  phosphate  exhibited  a 
negative  band  at  208  .  n(a-helix  7C7t»  exciton  band)  and  222  nm(a-helix  nn*  band).  In  all  the 
polypeptides,  the  ellipticity  ratio  02O8nm^®222nm  varied  from  1:2,  characteristic  of  aggregated  a- 
helices,  to  1:1,  characteristic  of  unaggregated  a-helices.  The  ratio  varied  over  time(-l  hr), 
suggesting  aggregation  changes  while  in  solution.  Similarly.  IR  spectra  of  I  and  its  derivatives 
in  a  KBr  pellet  showed  an  amide  I  band  at  1654  cm'  • ,  characteristic  of  an  a-helix. 

We  used  the  appearance  of  dye  absorption  bands  in  the  UVA'IS  spectrum  of  modified  I 
dissolved  in  trimethyl  phosphate  as  evidence  of  successful  modification(Fig  3).  When  attached 
to  I.  the  ab.sorption  maximum  of  stilbene  1  blue  shifted  from  378  to  326  nm,  suggesting  the  dye 
was  in  the  cis  form  when  attached<Fig  3 A).  Stilbenes  1-3,  COOH-BIPS  and  disperse  orange  3 
were  successfully  attached  to  I.  The  dye  absorption  spectra  were  unchanged  upon  reaction. 
Insertion  of  lead  into  I  was  straightforward(Fig.  3F).  showing  the  disappearance  of  and  Qy 
band  splitting  upon  change  from  D2h  to  Daj,  symmetry. 
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Fig  3.  Absorption  spectra  of  dye-modified  I  and  free  dye.  A:  Stilbenel.B:  Stilbene  2,  C: 
Stilbene  3,  D:  Carboxy-BIPS,  E:  Disperse  Orange  3.  F:  Lead(ll)  Acetate 

The  extent  of  dye  modification  was  estimated  from  the  absorption  spectrum  of  the  dye- 
polypeptide  complex  and  the  expression 


"dye  _  '^dve^fph  ^  [  j 

where  A  is  the  absorbance  corrected  for  scattering  background  and  e  is  the  extinction  coefficient. 
Modification  of  N-teri.iinus  will  give  at  most  4  dyes/porphyrin.  With  current  synthesis 
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conditions,  modification  of  y-beniyl  L-glutamate  side  chains  will  give  at  most  HO 
dyes/porphyrin.  Using  extinction  coefficients  for  lelraphenylporphyrinllii),  [14J  Q  bands  and 
extinction  coefficients  for  the  dyes  (measured  in  our  laboratory),  relative  degree  of  modification 
was  estimated.  The  estimated  moles  dye/mole  porphyrin  for  the  N-terminal  modifiers  were: 
COOH-BIPS:  4.2,  Stilbene  2:  4.0,  Stilbenel;  3.5.  For  modification  of  ‘he  benzyl  glutamate  side 
disperse  orange  3:  39.5,  stilbene3:  3.7.  The  results  suggested  successful  carbodiimide  coupling, 
transesterification  and  ester  to  amide  conversion  reactions. 

Compared  to  tetraphenyl  porphyrin,  the  UVA/IS  spectrum  of  I  showed  slight  red  shifting 
in  the  Q  and  B  bands.  The  largest  shift,  from  646.5  to  655  nm,  was  observed  in  the  QxiO.Ol 
bandcFig.  4).  The  Q^(0,Q)  band(Fig.  4)  ranged  (rom  655  nm  for  1  to  648-650  nm  for  dye 
modified  I.  Dye  attachment  might  shift  absorption  maxima  by  changing  the  phenyl  group- 
porphyrin  plane  angle  or  porphyrin  ring  planarity|9]. 


1  2  3  4  5  6  7 

Compound 


Fig  4  Bar  graph  of  porphyrin  Qx(0,0)  absorption  maximum(nm)  for  porphyrins  and  dye- 
modified  polypeptides,  1:  tetraphenyl  porphyrin.  2;  I.  3;  stilbene  I,  4:  stilbene2.  5:  stilbene  3,  6: 
carboxy-BlPS.  7:  disperse  orange  3, 

In  this  work  we  have  demonstrated  the  synthesis  of  a  porphyrin  core,  four-armed 
polypeptide  star.  Polymerization  from  p-amino  tetraphenyl  porphyrin  resulted  in  a  polypeptide 
star  with  a  cross  shape.  The  star  was  modified  by  three  approaches:  insertion  of  metal, 
attachment  of  dye  to  the  branch  N-termini  and  attachment  to  branch  side  chain  by  displacement 
of  benzyl  alcohol  groups.  Future  dye  modifications  will  focus  on  enhanced  charge  and  energy 
transfer  with  the  porphyrin.  Current  work  includes  characterization  of  thin  films  of  I  and  its 
derivatives  by  atomic  force  microscopy  and  mea.surement  of  nonlinear  absorption  of  solutions  of 
this  new  class  of  polypeptides. 
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ABSTRACT 


To  develop  novel  optical  thin  films,  we  have  prepared  self-assembled  polypeptide  films 
by  an  electrostatic  process.  The  films  were  placed  on  a  g'ass  slide  previously  silai.ized  by  an 
ammo  silane  and  given  a  positive  charge  by  immersion  in  aqueous  acid.  Subsequent  immersion 
of  the  slide  in  aqueous  anionic  solutions  of  either  polytL-glut.  mic  acid),  congo  red,  copper 
phlhalocyanine  tetrasulfonic  acid  or  p-nitroaniline-modified  poly(L-glutamic  acid)  resulted  in 
deposition  of  the  anions  on  the  surface.  Following  anionic  immersion,  the  slides  were  dipped 
into  a  cationic  poly(L-lysine)  solution.  Alternate  dipping  into  anionic  and  cationic  solutions 
yielded  multilayers.  The  thin  films  were  characterized  by  optical  absorption  and  circular 
dichroisrn  The  optical  density  increa.sed  with  dipping  cycles.  Circular  dichroism  meai  urements 
of  the  thin  films  showed  induced  dichroism  of  the  congo  red  and  phihalocyanine-containmg 
films,  suggesting  formation  of  a  locally  ordered  dye-polypeptide  complex.  Solution  circular 
dichroism  measurements  of  the  polypeptides  indicated  a  coil  conformation,  while  polyiL- 
gluiamic  acidi/poly(L-lysinel  complexes  showed  circular  dichroism  spectrum  characlerisiic  of  a 
(i-shect. 


INTRODUCTION 


Thin  films  have  been  placed  on  optical  surfaces  by  a  variety  of  techniques,  including  spin 
coatingl  1 1,  dip  coatmg[2]  and  the  Langmuir-Blodgett  Iechniquel3).  An  alternative  approach 
invohes  laying  down  of  multilayers  of  alternate  charged  speciestFig.  1 ). 


Figure.  1  Schematic  of  multilayer  produced  by  electrostatic  assembly  method 

Suspensions  of  highly  charged  particles  form  crystalline  arrays  with  applications  in  laser 
medicine  and  la.ser  spectroscopy [4).  Iler[5],[6J  describes  a  technique  where  alternate  layers  of 
positively  and  negatively  charged  colloid^  particles  are  deposited  onto  a  smooth  surface  such  as 
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glass,  yielding  a  variety  of  interference  colors  More  recenily(71.  this  technique  was  appiu  d  lo 
deposit  multilayers  of  oppositely  charged  polymers  onto  an  optical  surface  We  base  ivci 
exploring  the  properties  of  polypeptide  thin  films,  including  holograms  based  on  spiiopvran 
modified  polylL-glutamie  acid)(81.  In  this  work  we  prepared  polypeptide-dye  multilasers  by  ihc 
electrostatic  assembly(EA)  approach.  We  have  prepared  multilayers  composed  of  alternaleK 
charged  polypeptides,  a  polypeptide  and  an  alternately  charged  dye.  and  a  polypeptide  and  an 
alternately  charged  chromophore-modified  polypeptide.  We  also  performed  solution  ciiculai 
dichroism  studies  of  Ihe  various  complexes  to  gain  informalion  about  ihe  sinis  uies  o;  ihest 
films 


EXPERIMENTAL 


Materials  PolypeptidesiSigmc),  dyes  and  other  inaierialst  Aldrich)  and  N  1-4  nilionhein  1 1  4 
hydroxypiperidinetNHPl,  (Or.  Steve  PolliKk.  nnjversiiy  of  Cincinnati)  were  used  wiihoui 
furth^  ■".irificationlFig.  2). 


Polytl.'glutamic  acidi  monomer 


Poly(L-lysine)  monomer 


Congo  Red 


NO. 


Copper  phthalocyanine  tetra.sulfonic  acid 


NHP 


NHP-modifled  poly(L-glutamic  acid) 
monomer 


Figure  2  List  of  materials  used  in  this  study 

Preparation  of  dye-modified  polypeptide  Poly(L-glulamic  acid,  sodium  salt)  (0.0045 
mol.  0  68  gm),  dimethylaminopyridine(0.()045  mole,  0.549  gm.  diisopropylcarbodiimide(0.0045 
mole,  0.567  gm)  and  NHP(0.0045  mole.  I  gm)  wa.s  dissolved  in  50  ml  dimethylformamide.  The 
esterification  reaction  wa.s  allowed  to  proceed  for  five  da .s.  The  reaction  mixture  was  then 
concentrated  by  rotatory  evaporation  and  poly-'eptide  precipitated  out  by  addtition  of  ethanol. 
Unreacted  dye  was  removed  by  repeated  washing  of  the  polypeptide  with  ethanol  The  extent  of 
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Jyc  atlai,'hmoni(4. 1 )  was.  measured  from  the  absorption  spectrum  of  a  weighed  soluliontE,,,^^  = 
1  3,^(K)  at  38 1  nm). 

Prepuraiion  of  silanizeJ  glass  j7/Je.»|9)  Cleaning  Solution  I:  280  ml  concentrated 
suit  uric  acid  mixed  w  ith  120  ml  ,30%  hydrogen  peroxide.  Cleaning  Solution  2;  375  ml  deionized 
water,  75  ml  30%  hydrogen  peroxide,  75  ml  concentrated  ammonium  hydroxide.  Fitly 
microscope  slides  were  placed  in  solution  I  heated  over  a  hot  plate.  The  slides  were  then  rinsed 
iwice  with  deionized  water.  The  slides  were  then  treated  with  solution  2  for  30  minutes  at  room 
temperature,  rinsed  three  limes  with  deionized  water  and  allowed  to  dry  overnight.  Slides  were 
placed  in  a  silanizing  soliition(500  ml  2%  N-13-(trimethoxysilyl)-propyl]ethylenediamine  in  957! 
ethanol  w  ith  gentle  stirring  for  five  minutes  to  allow  for  hydrolysis  and  silanol  formation  The 
treated  slides  were  rinsed  with  ethanol  and  cured  for  10  minutes  in  a  vacuum  oven  at  1 10  ^’C. 

Pol\pi‘plide  and  dye  solutions  Polypeptide  solutions:  polytL-glutamic  acid).  DP=380. 
2nig/ml  in  deionized  water,  po!y(L-lysine),  DP=2300.  2mg/ml  in  neutral  deionized  water.  ,NHP- 
modified  polyd.-glutamic  acidl:  The  dye  modified  polypeptide  was  soluble  in  pH  12  NaOH 
solution  For  dipping  purposes,  a  1  mg/ml  solution  of  the  polypeptide  in  pH  12  NaOH  solution 
w  as  acidified  to  pH7  in  deionized  water  at  pH  7.  Dye  solutions:  Congo  red  1  mg/ml.  copper 
phihalocyanine  telrasulfonic  acid  letrasodium  salt  2  mg/ml. 

Thin  film  preparation  procedure:  Amino  groups  on  the  slide  surface  were  protonated  by 
dipping  slides  in  10  ml  COIN  HCI  for  2  minutes.  Slide  was  dipped  in  anionic  electrolyte 
solution  for  2  minutes,  rinsed  in  pH  7  water  for  2  minutes,  dried  with  nitrogen  stream  for  2 
minutes,  dipped  in  cationic  electrolyte  for  2  minutes,  followed  by  a  2  minute  rinse,  A  "layer”  is 
defined  to  be  one  anion  dip  plus  one  cation  dtp.  Cycle  was  repeated  25,  50  75  and  100  times. 

Characterization:  I'V/VIS  absorption  spectra  were  collected  on  a  Perkin-Elmer 

l,amhda-9  spectrophotometer  Circular  dichroism  spectra  were  collected  on  a  Jasco  1720 
spectropolarimcler. 


RF.SI  I.TS  AND  DISCUSSION 


Figure  3  shows  absorption  spectra  of  films  obtained  from  alternately  dipping  a  silaniz.ed 
slide  in  an  anionic  and  cationic  electrolyte.  As  the  number  of  dipping  steps  increased,  the 
apparent  absorbance  incrca.sed.  The  prc.sence  of  scattering  centers  in  the  films!  Fig.  3A,  3B)  also 
caused  increased  optical  absorption.  It  was  feasible  to  prepare  films  with  polypeptide/dye 
systems! Fig.  3C,  3Di  as  well  as  polypeptide/polypeptide  systems.  Significant  optical  density 
was  achieved! OD  a  2)  for  both  Congo  red  and  copper  phthalocyaninc  tetrasulfonic  acid  systems. 
This  result  shows  that  the  FA  technique  could  be  u.sed  with  high  molecular  weight  cations  and 
low  molecular  weight  dyes,  as  well  as  polymeric  systems. 
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Figure  3  Absorption  spectra  of  fiims  of  polypeptide-dye  combinations.  A;  poly(L- 
lysine)/poly(L-glutamic  acid),  B:  poly(L-lysine)/poly(L-glutainic  acid)-i-NHP,  C:  poly(L- 
lysine)/congo  red,  D:  poly(L-lysine)/copperphtha]ocyanine  tetrasulfonic  acid 


To  gain  information  about  the  molecular  structure  of  the  multilayer  thin  film,  we 
performed  circular  dichroism  measurements  of  the  conformation  of  the  polypeptides)  10)  and 
polypeptide/dye  complexes.  PolyfL-glutamic  acid),  poly(L-lysine)  and  NHP-modified  poly(L- 
glutamic  acid)  in  neutral  aqueous  solution  showed  CD  spectra  characteristic  of  the  coil 
conformationfFig.  4).  In  solution,  the  poly(L'lysine)/poly(L-glutamic  acid)  and  poly(L- 
lysine)/NHP-modified  poly(L-glutamic  acid)  complexes  were  a  mixture  of  P-sheet  and  coil.  The 
fraction  coil  was  a  function  of  the  molar  ratio  of  the  two  species.  When  the  ratio  was  one,  the 
.soluble  complex  was  P-sheet.  Coil  content  increased  with  increasing  net  positive  or  negative 
charge. 


Poly<t)$ine»/Poly<gluUiiiic  acid) 


180  190  200  210  220  230  240  250  2<0 
WavcIcngChinm) 


Po)y(ly5in«)/Poiy(glui8mic  acid)4-dye 
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Figure  4  Left:  Solution  circular  dichroism  spectra  of  poly(L-lysine),  poly(L-glutamic  acid)  and 
poly(L-lysine)/poly(L-glutamic  acid)  complex.  Right:  Solution  circular  dichroism  spectra  of 
poly(L-lysine),  DHP-modified  polyfL-glutamic  acid)  and  poly(L-lysine)/DHP-modified  poly(L- 
glutamic  acid)  complex.  All  solutions  were  at  pH  7 

Intense  induced  dichroism  was  observed  associated  with  the  congo  red  absorption  band 
of  the  poly(L-lysine)/congo  red  thin  film  complex,  with  a  similar  induced  dichroism  observed  in 
solution(Fig  S).  Measurement  of  the  intensity  of  induced  dichroism  as  a  function  of  congo 
red/L-lysine  monomer  molar  ratio  in  solution  showed  the  intensity  increased  until  a  1:2  ratio  and 
leveled  off  thereafter.  The  1 :2  ratio  suggested  that  each  of  the  two  negative  charges  on  congo  red 
was  neutralized  by  one  lysine  charge  and  the  poly(L-lysine)  congo  red  complex  consisted  of 
lysines  cross  linked  by  congo  red.  Poly(L-lysine)  was  in  a  coil  conformationfFig.  6,  left)  both 
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free  and  complexed  with  Congo  red.  The  molar  ellipticity  decreased  in  the  complex,  suggesting 
"tightening"  of  the  coil  upon  neutralization  of  side  chain  charge. 

Poly(L-lysine)  also  retained  a  coil  conformation  with  "tightening"  in  the  presence  of 
copper  phthalocyanine  tetrasulfonic  acidfFig.  6,  right).  No  induced  dichroism  of  copper 
phthalocyanine  absorption  bands  was  observed  in  solution,  although  weak  induced  dichroism 
was  observed  in  the  poly(L-lysine)/copper  phthalocyanine  tetrasulfonic  acid  film(Fig.  7).  The 
difference  in  behavior  between  the  congo  red  and  copper  phthalocyanine  complexes  resulted 
from  the  difference  in  dye  molecular  shape.  Congo  red  has  a  roughly  linear  shape,  which  allows 
for  easy  neutralization  of  lysine  charge.  Copper  phthalocyanine  tetrasulfonic  acid  has  four 
charges  arranged  in  a  ring,  possibly  introducing  steric  constraints  on  complex  formation. 


Siilutuw 


Congo  Red/Lysine  Ratio 


Figure  5  Left:  Circular  dichroism  spectral 400-700  nm)  of  poly(L-lysine)/congo  red  complex, 
both  as  thin  filmt  100  layers)  and  in  aqueous  solution.  Right:  Intensity  of  induced  dichroism  of 
poly(L  lysinei/congo  red  complex  in  solutionas  a  function  of  congo  red/L-lysine  monomer  ratio. 
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Figure  6  Left:  Circular  dichroism  spectral  190-260  nm)  of  poly(L-lysine)  and  poly(L- 
lysine)/congo  red  complex,  congo  red/L-lysine  monomer  ratio  =  2,  Right:  Poly(L-lysine)/Cu- 
phthalocyanine  tetrsisulfonic  acid  complex,  dye/monomer  ratio  =  2.4 
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Figure  7  Circular  dichroism  spectra( 300-800  nm)  of  poly(L-lysine)/Cu-phthalocyanine 
tetrasulfonic  acid  thin  film  complex.  Spectrum  is  average  of  spectra  obtained  from  .‘tO,  7,“)  and 

100  layer  films. 

We  have  demonstrated  the  EA  technique  for  preparation  of  polypeptide  and  dye 
multilayers.  Solution  circular  dichroism  measurements  show  [i-sheet  formation  in  polylL- 
glutamic  acid)/poly(L-lysine)  complexes  and  retention  of  coil  conformation  in  dye/polypeptide 
complexes.  There  is  an  uncertain  relation  between  polypeptide  conformation  in  solution  and  in 
the  films.  Preliminary  FTIR  measurements  of  thin  film  material  embedded  in  KBr  pellets 
suggest  a-helix/p-sheel  mixture  for  polyfL-glutamic  acid)/poly(L-lysine)  systems  and  a-helix  in 
the  poly(L-lysine)/dye  systems.  The  data  show  the  importance  of  environment  on  polypeptide 
conformation.  The  presence  of  water  stabilized  the  coil,  while  a  dried  multilayer  stabilized  the 

a-helix  and  P-sheet  conformations. 
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INTRODUCTION 

Ceramic-polymer  composites  produced  by  natural  organisms  are  known  to  have 
properties  far  beyond  those  that  can  be  achieved  in  present  technological  materials  [1],  The 
mollusk  shell,  for  example,  starting  with  relatively  weak  structural  ingredients  calcium 
carbonate  and  chitin  is  one  such  ceramic-polymer  composite.  In  nacre,  the  overall  composite  is 
more  than  95  volume  percent  calcium  carbonate,  with  the  remainder  an  organic  matrix  of 
protein  and  chitin.  The  inorganic  phase  consists  of  highly  oriented  aragonite  platelets  forming 
the  bricks  and  the  organic  matrix  forming  the  mortar  in  between  [1],  Even  though  nacre 
consists  of  a  high  amount  of  the  inorganic  component,  it  has  excellent  fracture  toughness  and 
high  strength.  Studies  have  been  conducted  to  understand  the  factors  which  control  the 
nucleation  and  orientation  of  cry.stallization  [2-4].  However,  very  limited  knowledge  about  the 
ceramic  polymer  interfaces,  structure,  chemistry  and  whether  the  interfacial  interaction 
involves  ion-binding  is  known. 

To  model  nacre  we  have  chosen  chiio.san.  in  which  free  amino  groups  exist,  as  a  substrate 
and  low  molecular  weight  polyacrylic  acid  as  an  additive  instead  of  complex  proteins.  The 
crystal  growth  of  calcium  carbonate  on  a  chitosan  substrate  has  been  achieved  from  a 
supersaturated  solution  of  calcium  carbonate,  at  different  concentrations  of  polyacrylic  acid. 
Several  techniques  have  been  employed  to  characterize  the  sy.stems,  such  as  X-ray  diffraction. 
X-ray  photoelectron  spectroscopy  and  attenuated  total  reflectance  infrared,  spectroscopy.  By 
producing  charges,  ion-binding  involved  in  the  nucleation  and  crystallization,  the  interfacial 
interactions  between  ceramic  and  polymer  have  been  inve.stigated. 

EXPERIMENTAL 

Calcium  Carbonate  Supersaturated  Solution 

The  supersaturaieu  ca'cium  bicarbonate  solution  was  prepared  following  the  procedure 
described  by  Mann  [4].  A  suspension  of  CaCOj  (calcile)  with  the  ratio  0.9/100  (mg/ml)  of 
calcium  carbonate  to  distilled  water  was  first  prepared.  While  stirring,  COj  was  bubbled  into 
the  system  at  room  temperature  and  kept  for  6  hours.  The  suspension  was  then  filtered  and  the 
filtrate  purged  with  CO2  gas  for  30  minutes,  to  di.ssolve  any  remaining  cry.stals.  The  pH  of  the 
resulting  supersaturated  .solution  was  about  6.(K). 

Chitosan  Film 

A  chitosan  film  was  obtained  by  casting  the  1%  (w/w)  solution  of  chitosan  in  1%  (w/w) 
acetic  acid  aqueous  solution  on  a  PMMA  plate  or  a  glass  slide.  In  a  typical  preparation  of  the 
casting  solution,  2  g  of  chitosan  was  added  in  100  ml  of  distilled  water  and  stirred  for  10 
minutes.  Then  100  g  of  2%  (w/w)  acetic  acid  was  added  and  .stirred  at  room  temperature  for 
another  30  minutes  [5].  A  viscous  solution  was  obtained  and  filtered.  The  chitosan  film  made 
in  this  way  was  then  neutralized  with  dilute  ammonium  hydroxide  and  washed  extensively 
with  water.  After  air  drying,  it  was  further  dried  under  vacuum  at  room  temperature. 

Polyacrylic  acid  with  molecular  weight  2.(XX)  was  employed  as  an  additive.  Various 
amounts  of  the  polyacrylic  acid  were  weighed  and  placed  into  polystyrene  (PS)  bottles,  before 
adding  the  calcium  carbonate  supersaturated  solution. 

245 

Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  351.  °1S94  Matariala  Raaaareh  Sociaty 


Measurements 


The  pH  of  solution  was  measured  by  a  Fisher  pH  meter  (model  107).  Ultrafine  CaC03 
crystallite  sizes  and  morphology  were  observed  under  a  polarized  optical  microscope  model 
Nikon  Labophot-pol,  and  scanning  election  microscopy  (SEM,  AMR  1200B).  X-ray 
diffraction  (XRD)  was  carried  out  to  determine  the  crystallite  sizes  and  phases.  The  surfaces  of 
chitosan  films,  with  or  without  soaking  in  polyacrylic  acid  solution,  were  examined  by 
attenuated  total  reflectance  infrared  spcctroscopy(ATR  IR,  Mattson  Polaris)  by  using  a  60 
degree  Germanium  analyzer.  X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  detect  the 
surface  structures  of  chitosan  films.  XPS  spectra  were  collected  on  a  monochromatic 
spectrometer  (Perkin-Elmer.  5300)  using  A1  Ko  source(600  w,  15  KeVi  with  the  pass  energy 
37.5  eV.  The  vacuum  was  maintained  at  approximately  1x10  ’  torr. 

RESULTS  AND  DISCUSSION 

Crystallization  of  CaCOa  was  controlled  by  the  following  equilibrium  in  which  carbon 
dioxide  is  continually  lost: 

Ca^"  (aq)  +  2HCO3  (aq)  CaCOj(s)  ■  COj(g)  +  HP  (1)  (1) 

On  the  evolution  of  carbon  dioxide  gas  from  the  solution,  the  pH  of  the  supersaturated 
solution  increased.  Fig.  1  shows  the  result  of  six  systems  with  different  concentrations  of 
polyacrylic  acid.  As  the  crystallization  proceeded,  the  pH  of  solution  increased  and  finally 
leveled  off  to  a  plateau.  Three  such  plateaus  were  obtained.  First,  in  the  absence  of 
polvacrylic  acid  the  pH  value  increased  as  the  crystallization  of  CaC03  proceeded.  After  40 
hours,  it  was  up  to  a  plateau  of  about  8.0.  Crystallization  was  complete  at  a  pH  of  about  8.50, 
and  the  XRD  pattern  showed  that  calcite  was  formed  (Fig.  3(a)l.  The  calcium  carbonate 
crystals  appeared  as  a  multi-layer  habit,  precipitating  on  the  chitosan  film  randomly  and 
sporadically  (Fig.  2(a),  (d)].  The  crystals  also  occurred  on  the  air/water  interface  as  well  as  the 
inner  edge  of  the  container  in  the  same  formation.  In  the  presence  of  polyacrylic  acid,  pH 
values  of  the  solutions  increased  as  crystallization  proceeded  and  leveled  off  to  different 
plateau  values,  depending  on  the  polyacrylic  acid  concentration.  At  low  concentrations,  such 
as  0.01%(wt)  and  0.02%(wt),  the  pH  increased  as  fast  as  in  the  case  without  polyacrylic  acid  in 
the  first  30  hours.  After  that  the  pH  values  increased  rapidly  and  leveled  off  to  a  plateau  of 
about  9.10.  At  a  concentration  of  0.06%,  crystallite  nucleation  and  growth  were  inhibited  at 
the  beginning,  resulting  in  a  lower  pH  than  that  of  the  lower  polyacrylic  acid  concentrations. 
Eventually,  the  pH  of  the  solution  went  up  to  9.25.  Since  the  dissociation  constant  of 
polyacrylic  acid  is  4.5  (6],  the  acid  groups  of  polyacrylic  acid  are  mostly  in  the  form  of  -COO- 
carboxylate  ions  at  pH  range  of  5.8  to  9.25.  Thus,  for  the  polyacrylic  acid  concentration  of 
0. 1  %,  although  its  pH  eventually  got  to  9.00,  crys^lization  was  mostly  inhibited  by  mobile 
polyacrylic  acid  cartxtxylate  ions  in  the  solution,  and  only  a  few  crystals  grew  on  the  chitosan 
film  (Fig.  2(f)].  When  the  concentration  of  polyacrylic  acid  was  0.2%,  crystallization  was 
totally  inhibited,  and  the  pH  of  the  solution  remained  at  6.(X).  In  addition,  the  crystal  shapes 
and  habits  were  different  from  those  obtained  without  polyacrylic  acid.  Crystals  only  appeared 
on  the  chitosan  film  and  showed  spherical  symmetry  around  a  center  of  nucleation  [Fig.  2(b, 
c)]. 


In  the  absence  of  the  polyacrylic  acid  only  calcite  appears  in  the  XRD  pattern.  In  the 
presence  of  the  polyacrylic  acid  XRD  pattern  shows  that  a  mixture  of  calcite  and  vaterite  was 

formed.  The  high  and  sharp  peak  at  26  (37.6)  and  small  peak  at  20  (28.8)  represent  110  and 
104  planes  of  calcite  respectively,  the  remaining  peaks  pertain  to  planes  of  vaterite. 

The  crystallite  sizes  of  vaterite  phase  were  calculated  from  the  half-peak  width  of  the 
XRD  according  to  the  following  equation  (7]: 

t  =  0.9  X/B  cose,  B7  =  B,7-HBi2  (2) 

where  t  is  average  crystallite  size,  X  is  the  wavelength  of  copper  (1.54  A),  B  is  the  width  of  the 
half-height  peak  and  6  is  the  diffraction  angle.  B  is  the  width  measured  from  x-ray  pattern,  B, 
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Figure  1  pH  of  supersaturated  calcium  carbonate  solutions  as  functions  of  crystallization 
iime(20‘C) 


Figure  2  OM  and  SEM  pictures  of  calcium  carbonate  crystals  on  chitosan  films 

(a)  0.00%  PAA  (OM)  (b)  0.02%  PAA(OM)  (c)  thinner  film  0.02%  PAA(OM) 

(d)  0.00%PAA(SEM)  (e)  0.02%  PAA(SEM)  (0  0.1%  PAA(SEM) 
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n  o  X.o  3S  0  40.0 

26  degree 


Figure  3  X-Ray  patterns  of  calcium  carbonate 

(a)  with  0.00%  PAA  in  the  system 

(b)  with  0.02%  PAA  in  the  system 


Figure  4  ATR  spectra  of  chitosan  surface 

(a)  without  polyacrylic  acid 

(b)  soaking  in  0.2%  PAA  3  hours 


Figure  S  XPS  wide  scan  and  core-level  spectra  of  chiiosan-film  surface  after  soaking  in 
supersaturated  calcium  carbonate  aqueous  solution  at  different  concentrations  of  polyacrylic 
acid. 
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a  b 

Figure  6  Cell  projections  for  calcite  (a)  parallel  to 
the(  1 10)  axis  only  coplanar  atoms  in  the(l  10)  face 
(b)  parallel  to  the(l  10)  axis  with  additional  non- 
coplanar  atoms  [4] 


2>l.S4co^a5/2) 


Figure  7  Scheme  for  the  confomiation 
of  polyacrylic  acid  on  the  chitosan  film 


Figure  8  Scheme  for  the  structure  of  chitosan-film  surface 
(a)  in  the  absence  of  polyacrylic  acid,  (b)  in  the  presence  of  polyacrylic  acid 
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is  the  actual  width  of  a  sample  and  B|  is  the  width  caused  by  the  instrument.  Since  the  peak  of 
calcite  1 10  plane  is  very  sharp,  it  was  considered  to  be  the  width  caused  by  the  instrument.  By 
picking  several  vaterite  peaks,  the  average  crystallite  size  of  vaterite  was  calculated  using 
equation  (2).  As  a  result,  the  average  crystallite  size  t  of  vaterite  was  about  of  15  nm.  Also,  in 
the  presence  of  polyacrylic  acid,  as  the  crystallization  proceeded,  the  crystallites  covered  the 
whole  chitosan  film  (Fig.  3(d)]. 

The  ATR  spectra  of  chitosan-film  surfaces  ate  shown  in  Fig.  4.  Sample  A  is  the  one 
without  soaking  in  the  polyacrylic  acid  aqueous  solution  and  sample  B  is  soaked  in  a  0.2% 
polyacrylic  acid  aqueous  solution  for  three  hours.  A  new  band  at  1707  cm  '  appearing  in 
sample  B  corresponds  to  the  carbonyl  C=0  stretching  absorption  of  the  carboxyl  group  in 
polyacrylic  acid.  The  hand  appearing  at  1550  cm  '  in  the  spectrum  can  be  assigned  to  a 
symmetric  -NHj^  deformation,  and  broad  bands  appearing  at  2500  cm  '  and  1900  cm  '  confirm 
the  presence  of  -NH3+  on  the  chitosan  film  (8).  Another  new  band  at  14tX)  cm  '  represents  the 
carboxylate  ion.  Thus,  the  negatively  charged  carboxylate  ion  and  positively  charged  -NH3* 
coexist  on  the  chitosan-film  surface  in  the  presence  of  polyacrylic  acid.  This  was  also 
confirmed  by  XPS  analysis. 

Figure  5  shows  a  series  of  XPS  O-UKK)  eV  wide  scan  and  core-level  speema  of  the 
chitosan-film  surfaces  after  being  soaked  in  supersaturated  calcium  carbonate  aqueous  solution 
for  four  hours  under  a  series  of  concentrations  of  polyacrylic  acid.  In  the  absence  of 
polyacrylic  acid,  only  one  kind  of  nitrogen  and  oxygen  appears.  Three  types  of  carbon 
detected  in  this  case  represent  O-C-0,  C-£-0  and  C-N  respectively  [9-1 1],  their  area  ratio  is 
1:4:1,  which  matches  the  ratio  of  the  chitosan  repeat  unit.  The  absence  of  calcium  element  in 
this  situation  indicates  that  no  calcium  carbonate  nuclei  formed  at  the  beginning  of  the 
ciystallization.  In  the  presence  of  polyacrylic  acid,  on  the  other  hand,  two  peaks  occurred  at 
binding  energies  about  4(K)  eV  and  398  eV,  which  represent  protonated  nitrogen  and  free  base 
nitfogen  respectively.  The  other  two  peaks  detected  at  binding  energies  about  531  eV  and  530 
eV  pertain  to  the  oxygen  of  -C-Q-C  of  chitosan  and  -C=Qof  polyacrylic  acid  respectively.  The 
appearance  of  calcium  element  in  the  XPS  spectra,  results  from  the  nucleation  of  calcium 
carbonate  on  the  chitosan-film  surface  in  the  presence  of  polyacrylic  acid.  In  this  case,  the 
positive  and  the  negative  charges  occur  on  the  chitosan  film. 

The  crystallographic  orientation  can  be  estimated  by  an  atomic  matching  at  the 
interface  of  the  organic  matrix  and  inorganic  minerals.  The  Ca-Ca  distance  of  calcite  is  about 
5.0  A  on  the  1 10  plane  (Fig.  6]  [4],  In  the  zig-zag  conformation,  the  distance  of  two 
carboxylate  ions  in  polyacrylic  acid  is  5.03  A  (Fig.  7.  8).  which  matches  the  lattice  of  the  110 
plane  of  calcite.  Thus.  Ca-binding  to  negatively  charged  carboxylate  ions  in  polyacrylic  acid 
results  in  the  nucleation  of  the  ( 1 1 0)  plane  of  calcite. 
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ABSTRACT 

Nanocrystalline  cerium  oxide  was  synthesized  by  magnetron  sputtering  of  a  metallic 
target,  followed  by  controlled  post-oxidation.  The  resulting  cerium  oxide  clusters  w'ere  <10  nm 
in  size,  and  highly  non-stoichiometric  in  nature.  The  oxygen  deficiency  of  such  materials  was 
associated  with  the  unusual  catalytic  activity  in  oxidation  and  redox  reactions.  This  paper 
compares  the  surface  chemistry  of  nanocrystalline  CeOj.,  with  stoichiometric  CeO,.  It  further 
explores  the  promoting  effect  of  Cu-doping  on  surface  reduction  and  oxidation. 

The  oxidation  states  of  metal  cations  were  examined  with  X-ray  photoelectron 
spectroscopy  after  various  oxidizing  and  reducing  heat  treatments  in  a  connected  reaction 
chamber.  Isothermal  pulsed  reduction  and  oxidation  of  the  samples  were  investigated  by 
thermogravimetric  analysis.  Reduction  properties  of  the  different  materials  are  discussed  in  terms 
of  their  microstructure,  oxygen  deficiency  and  chemical  composition.  These  studies  will  help  to 
understand  the  importance  of  bulk  defects  and  synergistic  effects  in  multicomponent  and 
multiphase  materials  for  high  surface  reactivity. 


INTRODUCTION 

Cerium  oxide  has  attracted  much  attention  in  catalysis  for  its  excellent  properties  as  a 
transient  oxygen  storage  material  in  automobile  catalytic  converters  |l.2|  and  for  its  activity  in 
catalytic  redox  reactions  such  as  SO,  reduction  by  CO  |3-5|.  CO  oxidation  and  methane  oxidation 
(61  Functionality  in  these  reactions  is  related  to  properties  such  as  (i)  large  deviation  from 
stoichiometric  composition  in  reducing  atmospheres  at  high  temperatures  and  (ii)  high  oxygen 
vacancy  mobility.  Upon  reduction,  oxygen  vacancies  are  created  which  are  doubly  ionized  at  the 
beginning  and  singly  ionized  or  neutral  at  larger  oxygen  deficiency.  The  electrons  of  the  extracted 
o’  anions  are  localized  at  Ce  cations  changing  their  oxidation  state  from  +4  to  -1-3.  Since  each 
Ce**  is  a  potential  host,  the.se  electrons  are  moderately  mobile  by  a  hopping  process,  and  the 
reduced  CeOj.,  is  a  mixed  ionic/electronie  conductor  |71.  Temperature-programed  reduction  (TPR) 
( 1 1,  electron-spin  resonance  (ESR)  (8|,  and  Fourier-transform  infrared  spectro.scopy  (FT-IR)  19) 
revealed  the  existence  of  different  types  of  surface  oxygen  .species:  (i)  lattice-type  oxygen 
tetrahedrally  bonded  to  two  Ce**  cations,  (ii)  surface  capping  oxygen  octahedrally  bonded  to  one 
Ce*'  cation,  and  (iii)  superoxide  species  O,  adsorbed  on  the  reduced  CeO,  ,  surface.  TPR 
measurements  also  indicated  that  stability  of  these  species  against  reduction  is  in  the  order 
superoxide  <  capping  oxygen  <  lattice  oxygen.  Reduction  of  the  ceria  surface  can  be  promoted 
by  supported  precious  metals  such  as  Pt  or  Pd  |I.I0|.  Recent  studies  on  mixed  Pr-Ce  oxide  with 
supported  precious  metals  also  indicated  that  reduction  in  the  temperature  range  200'’C  -  600"C 
is  not  limited  to  surface  species  but  can  be  extended  to  bulk  reduction  12). 

In  this  paper,  we  report  our  studies  on  reduction  and  oxidation  properties  of  pure  and 
doped  nanocrystalline  CeOj.  materials.  Inert  gas  condensation  was  used  to  .synthesize 
unsupported  oxygen-deficient  nanoclu.sters.  We  have  shown  recently  that  these  materials  are 
excellent  catalysts  for  selective  catalytic  reduction  of  SOj  by  CO,  with  higher  activity  than 
stoichiometric  ceria  prepared  by  chemical  precipitation  and  calcination  [4],  The  purpose  of  the 
present  work  is  focussed  on  understanding  the  reduction  properties  of  pure  and  doped 
nanocrystalline  CeOj The  effects  of  bulk  oxygen-deficiency  and  Cu-doping  on  surface  reduction 
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are  investigated.  Cu-doping  would  be  of  considerable  interest  if  synergistic  effects  can  be 
achieved  between  the  dopant  and  the  oxide  matrix.  Such  effects  usually  involve  expensive 
precious  metals  finely  dispersed  on  an  oxide  support  in  a  supported  catalyst  system.  Synthesis 
of  Cu-doped  CeO,  ,  by  inert  gas  condensation  is  a  novel  approach  towards  establishing  an 
ultrahigh  dispersion  for  Cu/CeO,.,  catalyst  1 1 1 ).  A  nanocry  stalline  alloy  of  Cu-Ce  was  generated 
from  a  mixed  metal  target.  Through  controlled  oxidation,  Cu  was  forced  to  segregate  to  the 
surface  of  CeO, ,  since  the  two  elements  lost  their  solubility  in  their  res^iective  oxide  forms. 
When  annealed  above  500  “C,  a  second  phase  of  copper  oxide  was  formed  by  migration  and 
coalescence  of  Cu.  By  this  method,  we  started  from  a  homogeneous  solid  solution,  and  induced 
unique  forms  of  intimate  dispersion  of  two  oxides  through  thermal  treatments. 


EXPERIMENTAL  AND  RESULTS 


Nanocrystalline  materials  may  be  generated  with  Joule-heating  of  dc-/rf-magnetron 
sputtering  by  inert  gas  condensation  ( I2-14|.  In  this  study,  a  metallic  cerium  target  (99.99%)  was 
vaporized  by  dc-magnetron  sputtering  in  25  Pa  argon  (4,11).  The  metal  vapor  became  rapidly 
supersaturated  by  thermalization  with  the  inert  gas  resulting  in  nucleation  and  growth  of 
nanometer-sized  clusters.  The  clusters  were  collected  on  a  liquid  nitrogen-cooled  ground  shield 
as  shown  in  Fig.  1  ( 1 1  ].  After  deposition  for  20  min,  the  sputtering  process  was  stopped  and  the 
ultrahigh  vacuum  chamber  was  evacuated  and  oxygen  was  slowly  introduced  until  a  pressure  of 
100  Pa  was  reached.  The  nanocrystalline  clusters  were  scraped  off  from  the  ground  shield  and 
consolidated  to  pellets  at  room  temperature  under  a  pressure  of  0.5  GPa.  This  pressure  provided 
a  substantial  residual  porosity  and  surface  area  in  the  green  compact.  For  Cu-doped  CeO,,, 
samples  were  produced  from  sputtering  a  mixed  metal  target  of  15  at%  Cu/  85  at%  Ce  1 1 1  ]. 

Microcry  stalline  CeO,  (99,99655} .  Alfa)  with  grain  size  of  1-2  pm  was  used  as  a  reference 
material  for  bulk  ceria.  This  powder  was  compacted  into  a  pellet  and  then  annealed  at  1400  "C 
for  1  hour  in  15%0,/He.  A  second  reference  material  was  CeO,  synthesized  by  chemical 
precipitation  of  Ce,(C6,),  from  an  aqueous  solution  of  Ce(NO,),  and  (NH^I.CO,.  The  precipitate 
was  washed,  dried  and  calcined  at  650  °C  in  air.  Ultrafine  CeO,  was  used  as  a  standard  for  high 


Fig  I  Schematic  of  the  sputter  gun  and  .substrate 
geometry  for  synthesis  of  nanocrystalline  materials 
by  inert  gas  condensation.  Magnetron  sputtering  gun 
S  with  metallic  target  T,  and  LN2-cooled  ground 
shield  substrate  G  |l  1 1. 


Fig.  2  Ce-3d  core-level  spectrum  measured  by 
XPS  for  nanocrystalline  CeOj.,  (a)  after 
synthesis  and  (b)  after  annealing  at  increasing 
temperature  in  1000  Pa  of  1%  COj/He. 
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surtace  area  sloichiometrit  ceria.  By  comparing  the  properues  of  the  nanocrystalline  C'eO, ,  with 
the  precipitated  ultraftne  CeO,,  the  effect  of  oxygen-deficiency  on  surface  reduction  and  oxidation 
can  be  determined. 

The  initial  oxidation  state  of  nanocrystalline  CeO, ,  after  preparation  was  determined  by 
X-ray  photoelectron  spectroscopy  (XPS)  using  a  PHI-5500  XPS  spectrometer  using 
monochromatic  Al-K„  radiation.  TTie  instrument  was  connected  to  a  reaction  chamber  which 
allowed  in  siiti  heat  treatment  of  the  samples.  Due  to  the  insulating  state  of  these  materials, 
electronic  surface  compensation  was  necessary.  The  setting  of  the  electron  flood  gun  was  vaned 
for  each  sample  in  order  to  minimize  the  peak  widths.  Fig.  2  illustrates  the  cerium  3d  core-level 
spectra  for  the  as-prepared  sample  and  after  it  has  been  annealed  in  1000  Pa  of  \%  CO,/He 
atmosphere  at  increasing  temperatures.  In  addition  to  the  typical  6-line  spectrum  of  stoichiometric 
CeO,,  the  as-prepared  nanocrystalline  CeO,  ,  has  two  distinct  peaks  denoted  v'  and  u',  a.ssociated 
with  Ce'*.  Deconvolution  of  the  spectrum  using  Lorentzian-Gaussian  distributions  and  Shii!"v- 
type  background  was  used  to  obtain  the  percentage  of  Ce’*  after  oxidation  treatment  at  di  ferent 
temperatures  |I5,16|  (Fig.  3). 

Therntogravimetric  analysis  was  performed  in  a  Perkin  Elmer  TGA-7  All  samples  were 
annealed  at  550  “C  in  I5%0,/He  for  20  hours  before  the  analysis,  except  the  nanocrystalline  Cu- 
doped  CeO,.,  which  was  not  pretreated.  Preannealing  allowed  all  spontaneous  changes  in  the 
microstructure  that  are  thermally  activated  at  550'’C  to  occur.  Since  all  following  measurements 
were  made  at  lower  temperatures,  the  microsiructure  is  assumed  to  be  invariant  for  the  time  of 
the  experiment.  Measurements  were  done  isothermally  at  temperatures  between  200  "C  and  5CK) 
"C.  The  samples  were  first  equilibrated  in  I5%0;/He  for  .several  hour*’  "^ig.  4;  region  1)  after 
which  the  purge  gas  was  changed  to  2%  CO/He  (at  point  A).  We  measured  the  weight  change 
as  a  function  of  time  for  a  period  of  5(M)  min  (region  II).  The  purge  gas  was  switched  back  to 
l5f'iO./He  at  point  B  and  we  continued  the  mea,surement  for  5(K)  min  to  re-equilibrate  the  sample 
(region  HI).  When  CO  is  introduced  two  super-imposed  processes  were  detected.  CO  adsoption 
and  reduction  of  the  sample.  Since  CO  desorption  is  slow,  as  indicated  by  the  gradual  weight  loss 
in  region  III.  we  assume  that  the  amount  of  adsorbed  CO  right  before  and  after  the  gas  -hangc 
from  CO  to  O,  (at  point  B)  is  the  same.  Therefore,  the  weight  increase  A  (arrow)  is  attribui^.' 


Temperature  (°C) 


Fig.  3  Decrease  of  the  Ce'*  concentration  in 
nanociystalline  CeO, ,  as  the  sample  is  oxidized  in  1 
kPa  of  I  %CO,(He  at  increasing  temperatures,  deter¬ 
mined  by  the  v'  and  u'  component  in  XPS  Ce-3d 
core  level  spectra. 


Fig.  4  Sample  weight  in  an  isotheimal 
themiogravimetric  measurement  at  20TC  for  (a) 
pure  and  (b)  Cu-doped  nanociystalline  CeO,,. 
Gas  composition  in  region  I  (I5%02/He),  II  (2% 
CO/He).  and  III  (l5%Oj/He). 
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Id  oxiilation  only  and  represents  the  degree  of  reduction  achieved  when  CO  was  used  as  the 
purge  gas. 

Four  different  samples  were  studied  by  ihermograv  imetric  analysis  at  different 
lemperatures  ( Fig.  5)  Reduction  of  microcrystalline  CeO,  did  not  occur  below  500  ’C.  Since  this 
sample  has  negligible  surface  area  (<l  nr/g).  its  reducibilty  represents  that  of  the  bulk  phase  of 
CeO,.  Reduction  of  the  other  samples  at  temperatures  below  500  "C  is  attributed  to  the  large 
surface  area.  A  possible  change  in  bulk  reduction  behavior  due  to  small  crystal  sire  is  not 
considered  in  this  work.  The  effect  ot  non  stoichiometry  on  surface  reduction  is  revealed  by  the 
difference  between  the  nanocry stalline  CeO,,  and  the  precipitated  ultrafine  CeO,  powder. 
Nanocrystalline  CeO, ,  was  reduced  at  temperatures  as  low  as  150  'C  and  could  be  reduced  to 
a  larger  overall  extent  than  precipitated  high  surface  area  CeO,.  The  greatest  reducibility  was 
demonstrated  by  the  nanocry  stalline  Cu-doped  material.  In  order  to  compare  the  different  samples 
on  a  surface  area  basis,  we  normalized  the  weight  change  with  the  B.E.T  surface  area  of  each 
sample  (Fig.  6).  The  reducibility  of  Cu-doped  CeO,,  sample  between  200 "C  and  400  C  was 
independent  of  temperature  and  increased  above  400  C  The  weight  loss  of  0.38  mgfm  al  200'C' 
corresponds  to  560  prnol  0,/g  or  1 .4  x  10  '*  oxygen  atom.s/m*.  which  is  on  the  order  of  magnitude 
for  one  monolayer  of  o.xygen  on  ceria  121.  The  reduction  of  metal  cations  m  Cu-doped  CeO, ,  w  as 
studied  by  XPS.  A  sample  was  oxidized  in  an  atmosphere  of  1000  Pa  of  IF}  CO./He  at  250‘C. 
and  the  XPS  spectrum  showed  the  presence  of  primarily  Ce*'  with  a  mixture  of  Cu  '  and  Cu'" 
(Fig.  7(a)).  Then  the  sample  was  dcga.ssed  in  vacuum  at  room  temperature  for  72  hours  which 
resulted  in  considerable  reduction  of  the  surface.  After  this  reduction.  Cu  was  in  oxidaiion  sialc 
+  1,  determined  from  the  2p  binding  energy  of  932.2  cV  and  the  LMM  Auger  kinetic  energy  of 
916  4  eV  1 17|,  Ce  was  sirongly  reduced  as  indicated  by  the  distinct  v'  and  u'  lines  corresponding 
to  Cc". 

DISCtSSION 

Cerium  is  well  known  as  a  highly  pyrophoric  metal.  However.  TPR  measurements  showed 
that  complete  oxidation  to  stoichiometric  CeO.  is  a  thermally  activated  process  which  requires 
temperatures  as  high  as  850-900’ C  1 1,101.  Therefore,  metallic  cerium  oxidizes  completely  when 


Temperature  (“C) 


Fig  5  Reduction  of  cenum  oxide  samples  as  a  Fig.  6  Reduction  of  cerium  oxide  satiples 
function  of  temperature  for  (a)  micmcrystalline  nomialized  to  the  total  .surface  area  for  (a) 
CeO,,  (b)  precipitated  ultrafine  CeO,.  (c)  nano-  precipitated  CeOj,  (b)  nanocrystalline  CeO,„  and 
crystalline  CeO, ,.  and  (d)  Cu-doped  nanocrystaJline  (c)  Cu-doped  nanocrystalline  CeO, .. 

CeO,, 
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suddenly  e\posed  to  air  due  to  the  heal  release  hy  this  exothermic  process.  Through  slow 
oxidation,  a  residual  oxygen  deficiency  can  he  preserved  even  under  an  oxidizing 
ainiopliere  and  temperatures  as  high  as  hOOX.  XPS  measurements  showed  that  22Vr  ol  the  fe 
cations  have  a  oxidation  state  +3  in  nanocryslallinc  CeO. After  oxidation  at  5.30  C  in  CO  ./He, 
this  component  svas  reduced  to  the  resolution  limit  of  XPS-measurements,  indicating  a  re¬ 
oxidation  at  least  at  the  surface.  Residual  oxygen  deficiency  inside  the  cluster  volume  might  not 
he  detected  by  a  surface-sensitive  method  like  XPS.  Superoxide  species  O,  are  adsorbed  on  Ce'" 
surface  defects  which  are  presumably  formed  by  electron  donation  from  the  reduced  CeO,  Since 
superoxide  is  desorbing  at  lower  temperatures  than  capping  oxygen  ions,  the  surface  of  oxygen- 
deficient  CeO. ,  can  he  reduced  more  ea,sily  than  a  capping  oxygen  layer  for  stoichiometric  CeO,. 
This  effect  is  shown  in  thermogravimetric  measurements  by  comparing  the  nanocryslallinc 
material  with  the  precipitated  material. 

Cu-doped  nanocrystalline  CeO,,  exhibited  the  greatest  rcducibilily .  From  the  result  that 
the  extent  of  reduction  is  independent  of  temperature  between  sOO  X  and  400  'C  and  the 
iiitormation  on  weight  loss  due  to  the  amount  of  extracted  oxygen,  we  suggest  that  one 
monolayer  was  removed  from  the  surface  at  200  X  -  400  X,  and  reduction  of  the  first  lattice 
layer  started  at  500X.  XPS  measurements  showed  that  both  Cu  and  Ce  cations  arc  reduced 
indicating  a  promotional  effect  of  Cu  on  CeO. ,  reduction.  This  can  be  the  result  of;  (i  i  spill-over 
of  CO  onto  CeO,,  after  adsorbing  on  Cu,  or  (li)  electronic  effects.  Since  reduction  of  CcO 
involies  the  iransfer  of  electrons  to  localized  Ce-4f'  states  close  to  the  valence  baml.  doping  of 
CeO,  with  Cu  might  affect  the  enthalpy  of  lormaiion  for  ionized  vacancies.  We  found  evidence 
tor  tins  kind  of  interaction  in  the  low -binding  energy  part  of  XPS  spectra  (Tig.  8).  The  valence 
hand  of  sioichit'inetric  CeO,  is  shown  at  the  bottom  as  a  reference.  Pure  but  reduced  CeO. , 
showed  an  additional  peak  above  the  valance  band  edge,  marked  by  an  arrow.  Tins  peak 
corresponds  to  the  Ce-4f'  final  stales  of  reduced  CeO, ,.  This  peak  is  not  so  distinct  in  Cu-doped 
CcO. ,  which  is  caused  by  a  larger  overlapping  with  the  valence  band  shifted  by  about  0.5  eV. 
Wc  a.ssunie  that  this  shift  is  viualitativciy  due  to  the  mixing  of  a  2.5  eV  baiiif  gap  scmiconduc'-ir 
(Cu.O)  in  a  5.5  eV  band  gap  semiconductor  (CeO.)  |IS1. 


Binding  Energy  (eV) 


Tig  7  XPS  Cu-2p  and  Ce-.ld  core  level  spectra  for 
nanocrystalline  Cu-doped  CeO.,  (a)  after  oxidation 
in  lIKKI  Pa  of  I'ZXO./He  al  25()'C.  and  (bl  after 
degassing  m  vacuum  for  72  hours  at  mom 
tempera''  n? 


30  25  20  15  10  5  0 


Binding  Energy  (eV) 

Tig  8  Density-of-states  below  the  Tenni  energy 
as  measured  by  XPS  for  (a)  stoichiometric  CeO,, 
(h)  partly  reduced  namKrystalhne  C'eO, (c) 
namKiy  stallinc  Cu-doped  CoO, ,,  partly  reduced 
in  vacuum. 
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Our  TGA  measurements  showed  that  reduction  starts  at  about  500  “C  for  bulk  CeO,,  at 
.’00  ’C  for  capping  oxygen  surface  ions,  and  150“C  tor  superoxide  species  O, . 


SLiMMARY 

Unsupported  oxygen  deficient  CeO,.,  was  synthesized  by  inert  gas  condensation,  and  its 
reduction  end  oxidation  properties  were  compared  with  precipitated  ultrafine  CeO.  as  well  as 
microcryst.illine  CeO,.  Oxygen  deficiency  of  the  nanocrystalline  CeO, ,  increased  the  reducibility 
of  the  surface  as  compared  to  stoichiometric  CeO,.  Cu-doping  was  found  to  promote  surface 
reduction  allowing  complete  removal  of  one  monolayer  of  oxygen  at  temperatures  as  low  as  200 
C.  This  effect  might  be  related  to  a  shift  in  the  valence  band  of  this  material. 
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ABSTRACT 

A  new  class  of  superlattices  consisting  of  alien, ....  .j,  Ujers  of  organic  and  inorganic  materials 
has  been  prepared  from  S-hydroxyquinoline  aluminium  (Alq).  copper  phthalocyanine  (CuPc). 
3,4,9, 10-perylenetetracarboxylic  diimide  (PTCDl)  and  MgF2  by  molecular  beam  deposition. 
Small-angle  x-ray  diffraction  data  and  cross-sectional  transmission  electron  micrograph  of  the 
superlattices  reveal  that  the  superlattices  have  layered  structure  throughout  the  entire  stack.  From 
comparison  of  the  x-ray  diffraction  patterns,  it  is  found  that  the  interface  roughness  between 
organic  and  MgF2  layers  depends  on  the  materials  for  organic  layers.  High-angle  x-ray 
diffraction  data  i.ndicaie  that  there  is  a  structural  ordering  in  the  CuPc  and  PTCDl  layers.  From 
the  optical  absorption  and  photoluminescence  measurements,  it  is  found  that  the  excilon  energy  of 
Alq  shifts  to  higher  energy  with  decreasing  Alq  layer  thickness. 


INTRODUCTION 


Artificial  multilayers  have  attracted  great  attention  because  of  their  unusual  physical  properties. 
In  particular,  magnetic  properties  of  metallic  superlattices  consisting  of  magnetic  and  nonmagnetic 
layers  [1,2]  and  optoelectronic  properties  of  semiconductor  superlattices  consisting  of  two  kinds 
of  semiconducting  layers  [3,4]  have  been  studied  intensively.  Many  novel  device  concepts  have 
been  developed.  Recently,  Unique  combination  of  organic  materials  with  inorganic  ones  has 
been  tried  for  the  superlattices  [5-7].  The  unique  combination  brings  out  novel  possibility  for  the 
creation  of  new  type  of  optoelectronic  materials,  becau,se  organic  materials  have  prominent 
properties  such  as  large  photoconductivity  [8).  electroluminescence  [9]  and  nonlinear  optical 
effects  [10],  and  a  wide  variation  of  the  combination  ot  materials.  Furthermore,  higher  chemical 
and  structural  stability  in  the  superlaltice  structure  rather  than  an  organic  single  layer  is  expected. 

In  this  paper  we  report  structural  properties  of  organic/inorganic  superlattices  which  were 
fabricated  from  alternating  layers  of  organic  and  inorganic  materials.  Large  aromatic  molecules, 
Alq,  CuPc  and  PTCDl.  which  are  well-known  organic  semiconductors  [9.1 1,12],  were  chosen 
for  the  organic  layers.  MgF2  was  used  for  the  inorganic  layer,  becau.se  this  material  has  a  wide 
transmission  region  from  200  to  5000  nm  [13],  The  layered  structures  and  intra-layer  structures 
of  the  superlattices  are  characterized  by  small-angle,  high-angle  x-ray  diffraction  experiments,  and 
a  transmission  electron  microscopy  (TEM).  Optical  properties  of  well-fabricated  Alq/MgF2 
superlattices  will  be  also  shown. 


-V 


CuPe 


PTCDl 


EXPERIMENTAL 

Commercially  available  powders  of  Alq.  CuPc  and  PTCDl.  and  MgF2(99.99%)  were  used  in 
this  study.  All  of  the  organic  materials  were  puriFied  by  a  train  sublimation  method  [14],  before 
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ihe  uses  as  the  molecular  beam  sources.  The  organic/inorganic  multilayered  films  with  artificial 
superstructure  were  prepared  using  a  multi-source  type  molecular  beam  deposition  system.  The 
alternating  layered  structures  were  fabricated  on  polished  Si(IOO)  wafers  and  glass  substrates 
(Corning  70.‘59)  using  shutters,  for  each  crucible,  controlled  by  a  microcomputer.  The 
temperature  of  the  substrates  during  deposition  was  at  around  room  temperature.  The  typical 
deposition  rate  was  20  A/min.  The  thicknesses  of  the  organic  layer  and  the  MgF2  layer  were 
designed  to  be  50  A  and  30  A,  respectively,  as  measured  by  a  quartz  crystal  thickness  monitor 
(INFICON  XTC).  The  base  pressure  of  the  deposition  system  was  8  .xIO'**  Torr,  and  the 
pressure  during  deposition  was  1x10"^  Torr. 

Small-angle  and  high-angle  x-ray  diffraction  experiments  were  carried  out  using  a 
diffractometer  (  Rigaku  RAD-2B  )  with  CuK  a  radiation.  Cross-sectional  TEM  observation 
was  performed  with  a  JEOL  JEM-2000EX  operated  at  200  keV.  Optical  absorption  and 
photoluminescence  were  measured  with  a  spectrophotometor  (Hitachi  330)  and  an  intensified 
multi-channel  photodetector  (Otsuka  Electronics  IMUC-7000) . 


RESULTS  AND  DISCUSSION 
Structures 

Fig.  1  shows  small-angle  x-ray  diffraction  patterns  of  superlaltices  with  30  periods.  In  the 
diffraction  patterns.  Bragg  reflection  peaks  were  observed  at  small  angles  corresponding  to 
artificial  superlattice  perifxl.  The  designed  peritxl  is  the  sum  of  single  organic  layer  thickness. 


Fig.  1  Small-angle  x-ray  diffraction 
patterns  for  (a)  Alq(50A)/MgF2(30A). 
(hi  CuPc(50A)/MgF2(30A)  and  (c) 
PTCDl(50A)/MgF2(,30A)  superlattices. 
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50A,  and  single  MgF2  layer  thickness,  30A,  determined  from  the  thickness  monitor.  The 
observed  periods  from  first-order  Bragg  peaks  were  in  very  good  agreement  with  the  designed 
period  (80A)  (Table  1).  These  results  indicate  that  the  three  superlattices  have  periodically 
layered  structure  throughout  the  entire  stack.  The  Alq/MgF2  superlattice  exhibits  higher-order 
Bragg  peaks  and  they  are  fairly  sharp.  Even  in  the  pattern  for  the  superlattice  with  Alq  layer 
thickness  of  lOA,  strong  first-order  peak  was  observed  [7).  The  CuPc/MgF2  superlattice  exhibits 
strong  fir'-t-  and  second-order  diffraction  peaks  and  weak  third-order  diffraction.  The 
PTCDl/MgF2  superlattice  exhibits  strong  first-order  diffraction  peak,  but  the  second-order 
diffraction  is  not  strong  and  the  third-order  is  absent.  It  is  known  that  the  interface  roughness 
between  two  layers  gives  rise  to  broadening  of  Bragg  peaks  as  well  as  in  damping  of  higher- 
order  peak  intensity  [15,16).  Comparison  of  the  diffraction  patterns  indicates  that  the  interface 
roughness  in  the  Alq,^gF2  .superlatfice  is  smaller  than  that  in  the  CuPc/MgF2  and  PTCDI/MgF2 
superlattices. 


Table  1  Comparison  of  "designed”  and  "observed"  periods  in 
superlattiees.  Designed  periods  were  determined  from  the 
thickness  monitor  and  observed  ones  were  obtained  from  x-ray 
diffraction. 


Superlattice 

Periods  (A) 

"Desigrted" 

"Observed" 

Alq/MgF2 

80 

82 

CuPc/M{|F2 

80 

79 

PTCDI/MflF2 

80 

82 

We  have  tried  to  get  direct  images  of  the  cross-section  and  succeeded  in  the  observation  in  the 
CuPc/MgF2  superlattice.  Fig.2  shows  the  TEM  image  of  the  CuPc7.MgF2  superlallice.  In  the 
image,  periodic  bright  and  dark  layers  are  observed.  The  dark  layers  which  are  thinner  than 
bright  layers  should  be  MgF2  as  a  result  of  its  higher  density.  The  observed  image  is  consistent 
with  the  structure  predicted  from  the  small-angle  x-ray  diffraction  data,  showing  the  superlattice 
exactly  consists  of  alternating  layers  of  CuPc  and  MgF2.  Interface  roughness  is  also  observable 
in  the  image.  However,  there  might  be  some  parts  damaged  in  preparing  the  specimen  for  the 
TEM  observation. 
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High-angle  x-ray  diffraction  can  give  intra-layer  structural  information.  Any  diffraction  peaks 
had  not  been  observed  in  the  diffraction  pattern  of  the  Alci/MgF2  superlattice.  This  suggests  that 
the  Alq  and  MgF2  layers  have  no  structural  ordering.  Sm^l  interface  roughness  in  the  Alq/MgF2 
superlattices  is  probably  due  to  amorphous  structure  of  each  layers.  On  the  other  hand,  the 
CuPc/MgF2  and  PTCDl/MgF2  superlattices  exhibited  diffraction  peaks  in  the  diffraction  patterns. 
Fig.3(a)  shows  the  high-angle  x-ray  diffraction  pattern  of  the  CuPc/MgF2  superlattice.  For 
comparison,  the  diffraction  pattern  of  a  single  layer  (lOOOA)  of  CuPc  is  also  shown.  A 
signiftcant  diffraction  peak  wtis  observed  at  the  same  angle  as  the  corresponding  peak  for  the 
single  layer.  The  diffraction  peak  at  around  7*  is  attributable  to  the  crystal  plane  of  a  or  /?  - 
phase  crystals  [17],  indicating  that  the  CuPc  layers  in  the  superlattice  have  an  uniaxial  ordering  of 
the  crystallites.  The  PTCDI/MgF2  superlattice  exhibits  two  broad  diffraction  peaks  at  25  and 
27*  ,  which  is  also  similar  to  that  of  a  PTCDI  single  layerflOOOA)  as  shown  in  Fig.3(b).  These 
patterns  are  much  different  from  that  of  the  PTCDI  powder  [18],  indicating  that  the  PTCDI  layers 
in  the  superlaltice  have  an  ordering  of  the  crystallites  as  well  as  the  single  layer.  Thus,  crystalline 
ordering  can  be  retained  even  in  the  ultra-thin  organic  layers  between  amorphous  MgF2  layers. 
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Fig.3  High-angle  x-ray  diffraction  patterns  of  (a)  CuPc  single  layer  (lOOOA)  and  CuPc/MgF2 
superlattice,  and  (b)  PTCDI  single  layer  (lOOoA)  and  PTCDI/MgF2  superlattice 


Optical  Properties 

Here,  we  show  the  optical  properties  for  the  well-fabricated  Alq/MgF2  superlattices.  Fig.4 
shows  the  optical  absorption  and  photoluminescence  spectra.  The  absorption  and 
photoluminescence  peaks  are  located  at  390  nm  and  520  nm,  respectively,  which  are  almost 
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identical  with  that  of  a  single  layer  films  (  ca.  500A)  previously  reported  [9].  However,  we  have 
found  that  the  absorption  and  photolumtnescence  peaks  shift  to  shorter  wavelength  (higher 
energy)  region  as  the  Alq  layer  thickness  decreases.  The  dependences  of  the  energies  for  such 
peaks  on  Alq  layer  thickness  are  shown  in  Fig.5.  The  results  in  Fig.5  show  that  the  blueshifts 
occur  in  the  Alq  layer  thickness  less  than  about  50  A.  The  absorption  and  photoluminescence 
peaks  are  attributable  to  the  exciton  in  the  Alq  layers,  because  MgF2  is  transparent  in  this 
wavelength  region  and  to  excitation  light,  365  nm. 

From  the  lowest-energy  cutoff  of  the  absorption  spectrum,  the  "energy  gap”  is  estimated  to  be 
about  2.7  eV  for  Alq.  Since  MgF2  is  completely  insulating  material  with  an  extremely  large 
energy  gap  over  8  eV,  the  exciton  in  the  Alq  layer  is  isolated  by  MgF2  layers.  The  blueshifts  in  the 
absorption  and  the  photoluminescence  lead  us  to  consider  a  simple  quantum  mechanical  model 
based  on  exciton  confinement  in  two  dimensional  layer,  in  which  the  energy  shifts  could  be 
interpreted  as  the  change  of  exciton  binding  energy  owing  to  quantum  confinement.  Similar 
explanation  has  been  reported  in  the  blueshifts  of  optical  absorption  in  organic  multiple  quantum 
well  consisting  of  3. 4,  7,  8-naphthalenetetracarbo.xylic  dianhydride  (NTCDA)  and  PTCDA  [19]. 
and  Alq  and  aromatic  diamine  [20]. 


300  400  500  600  700 


Wavelength  (nm) 

Fig.4  Optical  absorption  and  photoluminescence  spectra 
of  the  Alq(50A))/MgF2(30A)  supcrlattice. 


Fig.5  Energies  of  absorption  and  photoluminescense  peaks  of  AIq/MgF2  superlattices 
with  various  Alq  layer  thicknesses. 
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CONCLtSIONS 


We  have  succeeJcJ  in  fabrication  of  the  high-quality  superlattices  consisting  of  alternating 
layers  of  organic  materials  and  MgF2,  From  the  small-angle  x-ray  diffractton  studies  and  the 
direct  image  of  cross-section,  the  periodically  layered  structures  with  organic  layers  and  MgF2 
layers  have  been  confirmed.  The  interface  roughness  in  the  Alq/MgF2  superlattice  is  smaller 
than  that  in  the  CuPc/MgF2  and  PTCDl/MgF2  superlattices.  The  high-angle  x-ray  diffraction 
data  showed  that  the  Alq  layers  have  no  structural  order,  but  the  CuPc  and  I^CDI  layers  have  a 
high  degree  of  crystalline  ordering.  Small  interface  roughness  in  the  Alq/MgF2  superlattices  is 
attributable  to  the  amorphous  structure  of  each  layers.  The  blueshifts  in  the  optical  absorption  and 
photoluminescence  spectra  were  observed  in  the  well-fabricated  Alq/MgF2  superlaftices.  The 
energy  shifts  could  be  interpreted  as  the  effect  of  exciton  confinement. 
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ABSTRACT 


By  virtue  of  their  shape  selectivity  and  stability,  molecular  sieves  are 
ideal  components  for  discriminating  chemical  sensors.  In  this  paper  we 
report  the  preparation  of  capacitance  type  sensors  based  on  aluminum 
phosphate  molecular  sieves.  Thin  films  of  the  molecular  sieves  AlPO,)-5. 
AIPO4-H3  and  AIPO4-HI,  which  cover  a  range  of  pore  dimensions,  were 
deposited  on  titanium  nitride  coated  silicon  wafers  by  laser  ablation.  A 
subsequent  hydrothermal  treatment  followed  by  a  Pd/Au  coating  and  the 
application  of  standard  photoresistimasking  techniques  were  used  to 
generate  the  capacitors.  The  molecular  sieves  exhibit  significant  changes  in 
capacitance  upon  exposure  to  target  molecules,  including  COg,  CO,  N^,  H2O 
and  toluene. 


INTRODUCTION 

Aluminum  phosphate  (AIPO4)  molecular  sieves  belong  to  a  family  of 
low  density  crystalline  metal  oxides  having  well  defined  pore  and  channel 
systems  [1).  Zeobtes  and  related  molecular  sieves  are  attractive  as 
components  for  chemical  sensors  because  of  the  shape  selective  adsorption  of 
molecules  which  is  a  consequence  of  having  uniform  pore  dimensions. 
Additionally,  molecular  sieves  are  chemically  and  thermally  robust.  Zeobte 
molecular  sieves  have  been  incorporated  into  piezoelectric  devices  such  as 
surface  acoustic  wave  (SAW)  (2)  and  quartz  crystal  microgravimetric  (QCM) 
type  sensors  [3-5].  These  chemical  sensors,  which  essentiaUy  rely  on  a  weight 
change,  have  shown  promise  in  selectively  detecting  organic  molecules. 
However,  it  is  not  clear  how  discriminating  such  sensors  would  be  for 
molecules  of  similar  size  and  shape.  IdeaUy  the  adsorption  of  an  tineJyte 
molecule  would  affect  some  signature  change  in  the  molecular  sieve 
properties  that  could  then  be  quantified.  For  example,  the  dense  phase 
aluminum  phosphate  berbnite  exhibits  a  small  increase  in  dielectric  constant 
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when  hydrated  [6|.  We  might  expect  such  a  change  in  dielectric  constant  to 
be  amplified  in  an  AlPO,j  molecular  sieve  where  the  surface  area  is  several 
orders  of  magnitude  greater.  Shape  selectively  adsorbed  molecules  with 
dissimilar  polarities  should  illicit  aifferent  responses.  A  version  of  this 
concept  has  been  realized  m  an  interdigitized  capacitor  employing  a  Y  type 
zeolite  coating  as  the  dielectric  phase  J7,8j.  Changes  in  zeolite  capacitance 
upon  adsorption  of  different  molecules  were  recorded  in  the  picofarad  range. 
This  rather  poor  capacitance  is  probably  the  result  of  the  device  configuration 
where  it  appears  that  bulk  zeolite  crystals  are  packed  between  the  electrodes. 
Since  Capacitance.  C  =  A  t  /d  (where  A  is  the  plate  area  and  d  is  the  distance 
between  them)  the  thinner  the  dielectric  phase  the  more  measurable  the 
capacitance.  The  higher  the  capacitance  the  greater  the  changes  in  C  are 
expected  to  be.  Of  course  there  will  ultimately  be  a  trade  off  with  leakage 
current  but  nevertheless  one  would  prefer  the  thinnest  molecular  sieve  film 
possible.  The  preparation  of  thin  films  has  been  a  major  challenge  for  all  the 
molecular  sieve  based  devices  so  far.  However,  we  have  found  that 
continuous  AlPO)  molecular  sieve  films  in  the  nanometer  range  can  be 
obtained  via  laser  ablation  [9].  Aluminum  phosphate  molecular  sieves  are  not 
tonic  conductors  and  therefore,  are  preferred  over  tilumi.aosilicate  zeolites  as 
dielectric  materials. 

In  this  paper,  we  describe  the  preparation  of  capacitance  type  chemical 
sensors  based  on  ablated  films  of  AIPO4  molecular  sieves  on  TiN.  The  AITO.) 
molecular  sieves  in  this  study.  AlPO^-HS  (3.5  x  3.7A).  AlPO.l-5  (7.4A)  and 
AIPO4-HI  (I2A).  cover  a  range  of  pore  sizes.  The  capacitance  of  these 
molecular  sieves  should  reflect  the  shape  selective  adsorption  of  different 
molecules.  For  example,  the  kinetic  diameter  of  CO  (3.8A)  is  loo  large  for 
AIPO4-H3.  while  HvO  (2.65A)  should  readily  be  adsorbed.  Therefore,  the 
dielectric  constant  of  A1P0,|-H3  should  be  unaffected  by  the  presence  of  CO 
but  is  expected  to  change  dramatically  upon  exposure  to  water.  AlPO(-5 
should  discriminate  ageiinst  larger  hydrocarbons,  whereas  AlPO.j-Hl  is 
expected  to  be  sensitive  to  such  molecules.  One  could  imagine  a  microarray  of 
several  different  molecular  sieves  that  could  selectively  sense  distinct 
molecules  in  a  mixture  such  as  a  combustion  gas  stream.  In  this  preliminary- 
account  the  results  for  the  detection  of  N2,  CO2.  CO,  H2O  and  toluene  are 
presented. 


EXPERIMENTAL 

The  laser  ablation  and  hydrothermal  treatment  of  the  AIPO4 
molecular  sieve  films  will  be  described  elsewhere  19].  The  capacitors  were 
prepared  from  TiN  coated  (100  nm)  silicon  wafers  with  <200  nm  thick 
ablated  AIPO4  molecular  sieve  films.  Titanium  nitride  was  selected  because 
of  oxidative  resistance  and  used  in  semiconductor  processing.  The  TiN  served 
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as  one  electrode,  while  the  other  electrode  was  generated  by  the  vapor 
deposition  of  a  Au/Pd  alloy  to  a  thickness  of  approximately  1  pm  on  top  of  the 
molecular  sieve  layer.  The  capacitors  were  defined  using  standard 
photolithography.  The  metal  exposed  in  the  development  process  was  etched 
away  with  aqua  regia.  The  capacitor  was  then  washed  with  acetone  to 
rt'move  the  remaining  photoresist  and  dried  in  a  vacuum  oven  (20  Torr)  at 
50C. 

Capacitance  and  current  measurements  were  performed  on  a  custom 
probe  station.  The  probe  chamber  was  equipped  with  four  active  and  one 
ground  probe  controlled  by  micrometers.  Capacitance  and  current  data  were 
collected  using  a  Hewlett  Packard  4284A  Precision  LCR  Meter  and  a  Keithly 
237  High  voltage  source.  The  probe  station  was  equipped  with  a  micro.scope 
for  viewing  the  probe  tip  placement  and  a  gas  manifold  for  controlling  the 
atmosphere. 

/\11  capacitance  measurements  were  taken  from  the  standpoint  of 
having  a  capacitor  in  series  with  a  resistor  (Cs-RSV).  This  approach  is 
reasonable  since  the  titanium  nitride  coating  has  a  conductivity  of  50  to  100 
Q  'cm'l  as  opposed  to  that  of  gold  (4.09x10'’'  Q  'cm’l)  orpalladi’  -n  (9.26x10' 
n  'cm'l).  The  typical  voltage  range  was  set  at  -0.5V  to  -t0.5V  The  voltage 
range  employed  was  divided  so  as  to  produce  21  data  points  during  the 
measurement.  The  AC  frequency  of  the  current  appUed  to  the  capacitor, 
either  varied  logarithmically  during  a  measurement  (typically  from  0.005kHz 
to  lOOMHz)  or  was  static  at  a  specific  oscillation  frequency  (0.001  kHz  to 
lOOkHz).  All  measurements  were  made  at  room  temperature  and 
atmospheric  pressure.  Capacitance  or  current  data  from  the  five  readings 
were  averaged  for  each  voltage  point  taken  with  a  margin  of  error  <3%. 

Current  measurements  were  taken  to  find  the  leakage  current  and  the 
breakdown  voltage.  The  current  was  set  at  0.1  Ampere.  The  breakdown 
voltage  of  capacitors  was  determined  by  scanning  the  voltage  from  OV  to  lOV. 
For  leakage  current  measurements  the  voltage  range  was  set  equal  to  that  of 
the  capacitance  measurement  being  made  (-0.5V  to  +0.5V).  The  voltage  range 
was  divided  so  as  to  produce  1 1  data  points. 


RESULTS  AND  DISCUSSION 

Capacitance  type  sensors  were  prepared  from  hydrothermally  treated 
laser  ablated  AlPO,)  molecular  sieve  thin  films  (dielectric  phase).  The 
electrodes  were  the  TiN  substrate  and  Au/Pd  pads  (area=1.39E-3cm'^) 
deposited  on  top  of  the  dielectric  phase  using  standard  mask  and  etch 
techniques.  Figure  1  shows  a  schematic  view  of  such  a  capacitor.  The 
capacitors  were  heated  under  vacuum  to  remove  template  and  adsorbed 
water  then  transferred  to  the  probe  chamber.  Phire,  dry  analyte  gases  were 
introduced  via  a  gas  manifold.  A  nitrogen  atmosphere  generally  produced  the 
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F'lgure  1 .  Side  view  of  molecular  sieve  based  capacitance  type  sensor. 

lowest  capacitance  which  varied  with  thickness.  Figure  2  shows  a  plot  of 
capacitance  per  square  meter  for  a  47.5  nm  thick  AlPO^-S  molecular  sieve 
measured  at  +0.3  volts  and  an  oscillator  frequency  100  kHz.  The  nitrogen 
response  is  ~100  times  greater  than  the  instrument  noise  level  (lO"’’*  farads). 
Upon  exposure  to  pure  atmospheres  of  carbon  dioxide  or  toluene  the 
capacitance  increases  nearly  1000  times.  The  response  to  CO  is  almost  10 
times  greater  than  COj  at  this  voltage.  This  is  consistent  with  the  highly 


Gases 


Figure  2.  Capacitance  per  m^  after  adsorption  of  N2.  CO^,  CO  or  toluene 
AlPO^-5  (\^=+0.3,  Leakage  Current  l/nin2=7  jgg.jg) 

polar  CO  molecule  strongly  adsorbing  in  the  molecular  sieve.  This  suggests 
that  it  may  be  possible  to  discriminate  between  CO^  and  CO.  All  these 
changes  are  reversible  with  temperature  or  pressure  adjustments. 
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Figurt'  .1  shows  the  capacitance  per  square  meter  measured  between  • 
0.5  and  +0.5  volts  for  a  70.3  nm  thick  AlPO^-S  sensor.  The  breakdow'n 
voltage  for  these  capacitors  is  t>'pically  in  the  range  of  1  volt.  Current  versus 
voltage  plots  are  routinely  made  in  order  to  evaluate  leakage  current 
However,  leakage  would  also  be  characterized  by  a  sharp  increa.se  in 
capacitance,  e.specially  at  the  higher  voltages.  Such  leakage  is  not  apparent 
for  this  sen.sor. 
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Figure  3.  Plot  of  capacitance/jtm-  versus  voltage  for  an  AJPO  i-5  sensor 

The  sensitivity  of  these  sensors  is  still  being  evaluated.  The  selectivity 
is  remarkably  different  between  the  different  types  of  molecular  sieves  which 
presumably  reflects  the  different  pore  dimensions.  Figure  4  illustrates  this 
point  in  a  plot  of  capacitance  ratios  for  the  detection  of  COv  versus  Nj  by 
ablated  AIPO4-HI,  AIPO4-H3  and  AIPO4-5  (-lOOnm).  The  largest  pore 
molecular  sieve  AiP04-Hl  exhibits  the  highest  sensitivity  for  detection  of 
CO2  The  smaller  (3.3A)  and  more  polar  CO2  apparently  interacts  to  a 
greater  extent  with  the  AlPO^-Hl  channels.  AJthough.  COv  easily  fits  in 
AIPO4-5  the  amount  of  COv  is  probably  smaller.  The  small  pore  AIPO4-H3 
shows  no  significant  change  in  capacitance  when  exposed  to  CO2  relative  to 
N^.  However.  AIPO4-H3  exhibits  large  changes  in  capacitance  when  expo.sed 
to  moisture  which  reflects  the  smaller  kinetic  diameter  of  water  (2.65A). 

In  conclusion  we  have  shown  that  a  capacitance  type  chemical  sensor 
can  be  generated  from  laser  ablated  AIPO4  molecular  sieves.  AlPO^-S 
appears  to  be  selective  for  CO  while  AIPO4-HI  is  selective  for  CO-^.  Shape 
.selectivity  is  apparent  in  the  case  of  AIPO4-H3  which  is  sensitive  to  the 
presence  of  moisture  but  does  not  discriminate  between  and  CO^. 
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Figure  -4  Capacitance  ratio  of  CO'^/N.;  for  AlPO,|-HI  AlPO^-H  i  and  AJPO  1-5 
(V=+0.3  and  l/nni-=7  19K- 19) 
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AlLSlRACT 

We  are  investigatine  ;i  mcthtxi  for  synthesizing  oriented  layered  thin  film  siriieiiires  that  exhibit 
nonlinear  optical  properties.  This  method  invoK'es  sell-assembly  of  metal  bisphosphonate 
multilayers  on  gold  and  silicon  substrates.  Multilayets  are  characterized  via  optical  ellipsometry. 
sliffuse  redectance  and  attenuated  total  reflectance  F^IR.  and  grazing  angle  X-ray  diffraction. 

To  incorporate  nonlinear  optical  activity  into  self-assembled  films,  we  use  u.io  bisphos 
phonates  containing  aromatic  tt  systems  sandwiched  between  donor  and  acceptor  groups  In 
order  to  maximize  'he  overall  polanzabiitty  of  the  film,  the  polarizable  bisphosphonate  molecules 
nuist  prefers  "I,,  ,'y  bind  tii  only  one  orientation.  To  accomplish  this,  one  of  the  terminal 
phosphonate  ,  roups  of  the  molecule  is  protected  (in  ester  forml.  .After  binding  the  free 
phosphonic  acid  end.  'he  terminal  ester  is  converted  to  a  phosphomc  acid  group  by  hydrolysis 
with  bromotrimethybdane  (BT.MSl.  Layering  is  eonlinued  by  binding  a  metal  layer  and  repeating 
the  cycle.  Films  prepared  via  this  route  do  exhibit  second  harmonic  generation,  but  apparently 
incomplete  deproiection  of  each  layer  leads  to  increasing  disorder  with  increasing  number  of 
l.iyers. 


IM  RODl  C HON 

The  method  of  self-assembly  involves  the  spontaneous  adsorption  of  an  ordered  monolayer 
trom  solution  onto  .i  substrate.  Multilayer  assemblies  can  be  built  up  as  well,  if  ihe  first  self- 
.tsscmbled  layer  presents  surface  groups  which  are  reactive  or  which  can  be  functionalized  to  bind 
,1  second  chemical  species.  The  system  under  investigation  involves  Hf-n,  to  bisphosphonate 
tilnis,  sshich  are  structurally  analc'gous  to  the  prototype  zirconium  bisphosphonate  systems 
developed  by  .Mallouk  and  coworkers. I  One  .tdvaniage  to  this  system  is  the  fact  that  it  can 
acconiniodate  a  wide  xariety  of  organic  groups  within  the  bisphosphonate  layer.'  -  Many 
possibilities  e.xisi  lor  incorporation  of  nonlinear  optical  properties,  via  chromophores.  into  these 
m.'teri.ils.  as  h.is  been  demonstrated  by  Katz,  el  al.'  In  the  present  study,  the  chromophore  is 
incorporated  itiM  .1  bispho  'lumic  acid/ester  mo!  vuic.  siiown  below  in  Figure  I. 
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I'lGi.  RE  I  !  1 1  p  Diethy  Iphosjthonate  traits  .Slilbene  lO-decylphosphonic  .Acid  Ether 


Dircsiional  pol.inzability  ot  the  molecule  is  provided  by  the  extended  it  system  which  is 
sandwiched  between  an  electron  donor  (ether  linkage)  and  an  electron  acceptor  (phosphonate  esiei 
i.ii  I  The  polanzahility  affects  the  magnitude  of  the  nonlinear  optical  effect.  As  shown.  (I)  has  a 
phosphonate  ester  on  one  end  tat.  and  is  functionalized  on  the  other  end  by  a  phosphonic  acid  (b). 
This  allow,  us  to  orient  the  molecule  dunng  self-assembly,  as  only  the  phosphonic  acid  will  bind 
to  Ilf  metal  on  ihe  surface  ■*  The  molecules  within  each  layer  must  be  oriented  such  that  the  bulk 
film  has  no  insersion  symmetry  in  order  for  cvcn-ordei  nonlinear  optical  effects  to  he  observed.-'’ 
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The  reaciion  sequence  involved  in  self-assembly  of  (I)  onto  a  hafnium-functionalized 
surface  and  subsequent  deprotection  is  shown  in  Figure  2.  The  tenninal  ester  group  is  converted 
lo  a  phosphonic  acid  by  gentle  hydrolysis  with  bromotrimethylsilane  (BTMS).*  Following 
dcprotcciion.  a  layer  of  hafnium  ions  is  adsorbed,  and  the  process  is  repeated  to  build  multilayers. 


I  KiURF  2  Reaction  sequence  for  self-assembly  of  layers  of  Hf-(T) 


A  problem  we  have  anticipated  with  this  reaction  sequence  is  the  possibility  that  the  sterie 
bulk  of  the  surface  phosphonate  esters  (and  of  the  trimethylsilane  groups)  may  result  in  a  less 
efficient  deprotection  than  is  normally  obtained  in  solution.  To  maximizx  the  extent  of 
deprotection,  we  adopted  a  practice  of  sequentially  deprotecting  surface  layers  twice,  rinsing  in 
water  between  BTMS  immersions 
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EXPERIMENTAL 


MaieriiiLs 

Hafnium  oxychloride  octahydrate  was  used  as  received  from  Teledyne  Wah  Chang  Albany, 
Inc.  4-mercaptobutylphosphonic  acid  was  provided  by  Prof.  Thomas  E.  Mallouk  (Penn.  State 
I'niv  ).  (I)  was  prepared  by  a  several  step  reaction.^  3-mercaptopropylsilane  was  used  as  received 
from  Aldrich.  In  all  preparations  of  multilayers  and  solutions,  deionized  water  purified  to  a 
resistivity  of  18  Mil-cm  with  a  Barnstead  Nanopure  II  was  used. 


Siiiisiniifs  and  surface  fnnciionulization 

Gold  substrates  were  prepared  by  evaporation  of  -  2(X30  A  of  99.99%  pure  gold  wire  (DF 
Goldsmith)  onto  single  crystal  silicon  (1(X))  wafers  (Silicon  Quest  International).  Prior  to  func¬ 
tionalization.  silicon  wafers  were  rinsed  sequentially  with  trichloroethylene.  2-propanol  and 
ultrapure  water,  each  for  15  min  Prior  to  gold  deposition,  the  Si  wafers  were  pretreated  with  3- 
mercaptopropylsilane,  which  acts  as  a  molecular  adhesive.*  After  gold  deposition,  wafers  were 
cleaned  with  a  3: 1  H2S04:H;02  solution  and  rinsed  with  copious  amounts  of  ultrapure  water.  To 
hind  the  anchor'  layer,  wafers  were  immersed  in  a  4:1  water/methanol  .solution  of  -I  mM 
mercaptobutylphosphonic  acid  forever  24  h,  then  rinsed  sequentially  in  methanol  and  water. 

The  silicon  substrates  utilized  for  A  I  R  measurements  are  Si  ATR  crystals,  of  dimensions  ,50  x 
10  X  3mm,  spp  4.5  degrees  (Part  #  EE3132,  Harrick  Scientific  Corp).  These  are  first  degreased  as 
above,  rinsed  with  water  and  dried  in  a  stream  of  nitrogen.  An  anchor  layer  of  Hf  is  deposited  by 
immersion  of  the  crystal  in  .5  mM  Hf(Xll2-8H20  at  45°  C  for  48  hours,^  followed  by  rinsing  with 
copious  amounts  of  water  and  drying  under  flowing  nitrogen. 


Instrumentation  and  measurements 

Ellipsometry  measurements  were  taken  on  a  Rudolph  Research  Thin  Film  Ellipsometer,  Type 
437()2-2(K)E.  using  a  tungsten  filament  light  source  filtered  to  exclude  all  but  6328  A  light,  at  an 
incident  angle  of  70  degrees.  Measurements  were  taken  after  deposition  of  (I)  and  after  the 
deprotection  steps.  The  measured  parameters  delta  (A)  and  psi  ('P)  are  used,  along  with  various 
indices  of  refraction  for  the  layered  materials,  to  calculate  layer  thickness  on  DAFIBM,  a  program 
provided  by  Rudolph  Research  The  refractive  indices  of  the  gold  substrate  are  calculated  using  A 
and  y  values  for  the  btire  gold  substrate  and  equations  given  in  ref.  10.  Diffuse  reflectance  FTIR 
spectra  were  taken  on  a  Nicolet  Magna-IR  550  Spectrophotometer  with  a  Spectra  Tech  Inc.  FT  80 
Specular  Refiectance  (K)14-30-5  attachment  and  OMNIC  software  .  All  spectra  are  the  average  of 
1024  scans,  with  4  cm  ’  resolution.  The  spectra  are  tak'*n  relative  to  a  background  of  a  bare  gold 
prepared  similarly  to  the  wafer  u.sed  for  layering.  These  measurements  were  also  recorded  after 
deposition  of  (I)  and  deproicction  steps.  The  spectra  are  baseline  corrected  with  the  OMNIC 
.software  to  align  all  spectra  to  the  same  zero  baseline.  The  attenuated  total  reflectance  FTIR  were 
taken  on  the  same  instrument  with  a  Harrick  Scientific  Corporation  Twin  Parallel  Minor 
Attachment.  Variable  Angle  Cnit.  The  spectra  shown  are  the  average  of  256  or  512  scans  with  4 
cm  ’  resolution,  taken  relative  to  a  background  scan  from  the  bare  crystal.  They  too  are  baseline 
corrected 


RESULTS 

Shown  below  in  Figure  3  are  plots  of  calculated  total  layer  thickness  vs.  number  of  deposited 
layers  on  a  functionalized  gold  substrate.  The  values  of  refractive  indices  utilized  to  obtain  these 
thicknesses  have  been  chosen  to  include  the  range  generally  accepted  for  metal  bisphosphonaie 
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films,  1.55  <  n  <  1.45.'  *  ’  Individual  layer  thickness  is  given  as  the  slope  of  calculated  fits  to  this 
data. 


FIGURE  3  Total  Thickness 
vs.  #  of  Layers 
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As  can  be  seen  from  the  slope  of  these  plots,  layering  appears  to  be  quite  regular  for  the  first 
five  layers,  and  then  appears  to  stop  at  step  6  (as  layer  thickness  is  the  same  for  layers  5  and  6), 
and  then  to  continue  again  at  step  7  at  roughly  the  same  slope.  We  cannot  be  cenain  what  is 
occunng  here,  but  suggest  that  at  step  6,  little  or  no  material  adsorbs  as  a  new  layer  but  merely  fills 
tn  gaps  in  the  previous  layer.  Subsequent  layering  then  resumes  at  the  same  rate.  This  also 
appears  to  occur  at  step  9,  sJlhough  to  a  lesser  extent. 

Also,  the  calculated  layer  thickne,ss  is  much  smaller  than  our  estimate  of  ~30  A  for  a  layer  in 
which  the  bisphosphonate  (I)  is  oriented  perpendicular  to  the  substrate  surface.  We  suggest  that 
deprotection  of  the  first  (and  probably  subsequent)  layer  (s)  is  incomplete.  Subsequent  layers  are 
then  also  incomplete  and  can  tilt  over  at  a  much  larger  angle  than  would  a  densely  packed  layer. 
This  would  result  in  smaller  layer  thicknesses. 

Figure  4  shows  the  diffuse  reflectance  FTIR  spectra  for  up  to  10  layers  of  Hf-(l)  on  gold  for 
protected  (a)  and  deproiected  (b)  layers.  The  region  .shown  is  that  where  characteristic  C-H 
stretches  occur.  We  assign  the  peak  at  ~2929  cm'*  as  the  asymmetric  methylene  stretch  (Va  CH2) 
and  that  at  -2855  cm  '  as  the  symmetric  methylene  (Vs  CH2).  These  peaks  are  shifted  to  higher 
energies,  relative  to  location  of  such  peaks  for  crystalline  structures.  Such  a  shift  is  characteristic 
of  liquid-like  structures.'^  ’^  Note  the  fact  that  intensity  level  decreases  upon  deproteclion,  most 
notably  in  layer  7.  This  could  support  what  was  seen  in  the  ellipsometry  data,  i.e.  that  no  new 
material  went  down  in  step  6.  Thus  step  7  would  be  the  deposition  of  layer  6  and  IR  spectrum 
intensity  would  increase  over  that  of  layer  5  only  slightly.  It  is  odd,  however,  that  this  seems  to 
have  "recovered "  by  layer  10,  as  also  seen  in  ellipsometry. 


MGURE  4  Diffuse  Rcfiectance  ITIR  for  layers  of  Hf-(l)  on  gold 
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Unfortunately  no  peaks  from  a  methyl  (CHj)  group  were  observed  in  this  region.  The 
methyl  ester  is  the  only  group  specific  to  the  protect^  molecule  (I)  (see  Figure  I).  Inability  to 
detect  a  distinct  CH3  stretch  is  probably  due  to  this  low  intensity  peak  being  obscured  by  the 
stronger,  shifted  CH2  stretches. 

We  also  were  unable  to  observe  a  peak  from  the  CH3  rocking  vibration  at  lower  energies. 
This  vibration  was  probably  masked  by  the  stronger  stretches  associated  with  P-O  and  P-O-C 
bonds.  The  region  800-1800  cm'*  where  these  peaks  are  expected  is  quite  crowded  and  we  could 
not  reliably  resolve  or  assign  any  peaks  in  this  region.*^ 

Figure  5  shows  the  Attenuate  Total  Reflectance  FTIR  spectra  from  two  layers  of  Hf-(I)  on  a 
Si  ATR  crystal.  The  signal  to  noise  is  much  higher  with  this  method,  and  the  spectra  are  much 
cleaner  than  those  taken  via  diffuse  reflectance.  The  small  shoulder  at  -2980  cm-'  in  the  spectrum 
of  the  protected  layer  is  probably  due  to  a  methyl  stretch,  since  it  is  nearly  absent  in  the  spectrum  of 
the  deprotected  layer.  If  this  assignment  is  correct,  this  vibration  will  aid  in  assessing  the 
deprotection  process. 
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ATR  FTIR  for  layers  of 
Hf-(I) 


DISCUS.SION 

It  is  apparent  from  both  ellipsomeuy  and  FTIR  data  that  sequential  deposition  of  Hf-(I)  layers 
onto  gold  surfaces  is  occuring  to  some  extent.  Preliminary  results  indicate  that  these  films  do 
exhibit  SFIG*5,  confirming  net  polar  orientation  of  (I)  in  the  films.  It  also  appears  from 
ellipsometry,  however,  that  these  layers  are  quite  thin.  While  thicknesses  determined  by 
ellipsometry  are  subject  to  several  sources  of  error,  the  use  of  reasonable  refractive  indices  for 
these  films  suggests  the  average  layer  spacing  is  9.6-11.0  A,  which  is  significantly  smaller  than  the 
length  of  (I),  which  we  estimate  to  be  28.9  K. 

We  suggest  that  the  deprotection  of  layers  of  (I)  is  incomplete  as  we  currently  perform  the 
procedure.  This  is  likely  due  to  the  steric  bulk  of  both  the  phosphonate  ester  'surface'  in  each  layer 
and  the  trimethylsilane  deprotection  reagents.  If  this  is  the  case,  subsequent  deposition  would 
form  incomplete  layers,  and  films  would  become  increasingly  disordered  as  the  number  of  layers 
increases.  The  apparently  small  layer  thickness  could  be  explained  by  a  large  tilt  angle  of  the 
bisphosphonate  molecules  with  respect  to  the  surface  normal,  possibly  resulting  from  a  low 
density  of  bisphosphonate  molecules  in  the  organic  layer.  This  data  not  only  points  to  the  necessity 
of  a  better  deproteebon  method,  but  also  indicates  the  need  for  another  method  of  determining  layer 
thickness.  For  this,  we  have  attempted  to  observe  grazing  angle  x-ray  diffraction.  However,  we 
have  been  unable  to  detect  any  x-ray  interference  peaks  from  thin  films  on  gold  substrates.  For 
multilayer  films  on  silicon  substrates,  grazing  angle  diffraction  generally  gives  an  interference 
pattern  from  x-rays  reflected  off  the  front  and  back  of  the  film,  enabling  an  accurate  determination 
of  film  thickness."  The  inability  to  observe  this  for  multilayers  on  gold  is  most  likely  a 
consequence  of  the  positioning  of  the  total  reflectance  peak  from  the  gold,  which  tails  to  relatively 
high  angles  (29,  -  1 . 1  “)  and  obscures  any  peaks  from  our  films. 

The  FTIR  data  obtained  using  diffuse  reflectance  methods  does  tell  us  we  are  layering  onto 
our  substrates,  but  we  were  unable  to  obtain  information  confirming  deprolection.  For  this  reason 
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and  because  we  were  unable  to  obtain  diffraction  data  from  gold  substrates,  we  began  layering  on 
silicon  substrates  and  utilizing  attenuated  total  reflectance  FnR.  The  spectra  obtained  thus  far  are 
somewhat  encouraging.  We  believe  we  can  detect  at  least  one  methyl  peak.  We  expect  to  observe 
grazing  angle  x-ray  diffraction  from  films  with  three  or  more  layers,  on  the  basis  of  experiments 
performed  on  similar  thin  films  on  silicon  substrates.  *  •  The  two  layers  we  have  assembled  so  far 
are  soil  loo  thin  to  see  by  diffraction. 

Ill  order  to  improve  the  efficiency  of  the  deprotection  reaction,  we  are  exploring  the  use  of 
iodide  salts  to  increase  the  rate  of  reaction  in  the  BTMS  deproiection.'^  Other  methods  of 
hydrolysis,  such  as  acid  hydrolysis,  will  also  be  explored. 

In  summary,  we  have  investigated  the  incorporation  of  'asymmetric'  bisphosphonate 
nonlinear  optical  chromophores  into  metal  bisphosphonate  multilayers.  The  approach  we  have 
taken  shows  promise,  but  more  efficient  deprotection  strategies  need  to  be  developed  for  the 
•tsymmetric  molecules  employed  in  this  study  in  order  to  make  highly  ordered  multilayers  with 
optimized  nonlinear  optical  properties. 


REFERENCES 

1.  al  H.  Lee,  L  J  Kepley.  FI -G.  Hong,  T.E.  Mallouk,  J.  Am.  Chem.  Soc.  110,  618-620 
(1988)  b)  H.  Lee,  L.J  Kepley,  H.-G.  Flong,  S.  Akhter,  T.E.  Mallouk.  J.  Phys.  Chem.,  92, 
2,''97-260l  (1988). 

2.  M  B.  Dines,  P.M  DiGiacomo.  Inorg.  Chem.,  20,  92-97  (1981) 

.7  H  E  Katz,  G.  Scheller,  T..M.  Puivinski,  M  L.  Schilling,  W.L.  WiLson,  C.E.D.  Chidsey. 
.Science,  254,  1485-1487  (1991) 

4.  G,A.  Neff,  unpublished  results. 

5.  a)  E.  G.  J.  Staring,  G.  L.  J.  A.  Rikken,  C.  J.  E.  Seppen,  S.  Nijhuis,  and  A.  H.  J. 
Venhuizen,  Adv.  Mat.,  3,  401  ( 1991 )  .  b)  D.  F.  Eaton,  G.  R.  Meredith,  and  J.  S.  Miller,  Adv. 
Mat..  3,  564  ( 1991 )  .c)  VVenjiang  Nie,  Adv.  Mat..  5,  520  (1993). 

6.  T.  Morita  Y  Okamoto,  and  H.  Sakurai,  Bull.  Chem.  Soc.  Japan,  51.  2169-2170  (1978) 

7.  B.  Klopfenstein  and  C.J.  Page,  in  press. 

8.  C. A.  Goss.  D.H.  Charych,  and  M.  Majda,  Anal.  Chem.  63,85  (1991). 

9.  Fl.-G.  Hong,  D.D.  Sackett,  T.E.  Mallouk,  Chem.  Mater.,  3.  521-527  (1991) 

10.  H.L.  Tompkins,  A  User's  Gude  to  Elliosometry,  (Academic  Press,  Inc.,  San  Diego,  CA, 
1993),  p.  36. 

1 1.  A  C.  Zeppenfeld  and  C.J.  Page,  in  press. 

12.  B.L.  Frey,  D  G.  Flanken,  and  R.M.  Corn,  Langmuir,  9,  1815-1820  (1993). 

1.3.  M.D.  Porter,  T.  B.  Bright,  D.  L  Allara,  and  C.E.D.  Chidsey,  J.  Am.  Chem.  Soc.,  109, 
35,59-3568  (1987) 

14.  H.C.  Yang,  K.  Aoki.  H  Hong,  D.D.  Sackett,  M.F.  Rendt,  S.  Yau,  C.M.  Bell,  and  T.E. 
.Mallouk,  J.  Am.  Chem.  Soc.,  115,  11855-11862  (1993). 

15.  We  have  observed  SHG  from  these  films,  but  experimental  details  and  substrate 
inconsistencies  limit  our  quantification  of  signal  at  this  time. 

16.  T.  Morita,  Y.  Okamoto,  and  H.  Sakurai,  Bull.  Chem.  Soc.  Jpn,,  54.  267-273  (1981) 


274 


CHARACTERIZATION  OF  SILICON  NANOPARTICLES 
PREPARED  FROM  POROUS  SILICON 

RICHARD  A.  BLEY*.  SUSAN  M.  KAUZLARICH*.  HOWARD  W.  H.  LEEt.  JEFFREY  E. 
DAVIStt 

*  Department  of  Chemistry.  University  of  Califotnia,  Davis.  CA  95616 
^  Lawrence  Livennore  National  Laboratory,  Livermore.  CA  94550 

*  Departtcent  of  Applied  Science,  University  of  California.  Davis,  CA  95616 

ABSTRACT 

Nanometer  sized  silicon  particles  have  been  produced  by  ultrasonic  dispersion  of  thin 
sections  of  porous  silicon  in  organic  solvents.  High  nssolution  TEM  and  FT  IK  have  been  used  to 
establish  the  size  range  and  surface  structure/composition  of  these  particles.  The  larger  particles, 
which  range  in  size  from  20  to  50  nm,  are  made  up  of  a  conglomeration  of  smaller  particles  with 
a  diameter  of  a  few  nanometers.  The  HRTEM  shows  an  amr^hous  layer  ou  the  surface  of  many 
of  the  clusters.  FTTR  data  suggest  this  amorphous  layer  is  silicon-dioxide  which  may  also  have 
organic  constituents. 


INTRODUCTION 

Production  of  luminescent  colloidal  suspensions  of  Si  from  porous  silicon  (PS)  by 
ultrasonic  fracture  [1,2]  provides  an  opportunity  to  investigate  the  mechanism  involved  in  the 
luminescence  of  PS.  It  is  still  unclear  whether  this  is  due  to  quantum  confinement  of  the  electron 
and  its  respective  hole,  the  so-called  particle  in  a  box  condition,  or  if  this  is  due  to  some  other 
silicon  compound  such  as  siluxene  (Si^OjH^)  [3,4.5].  Characterization  should  also  help 
establish  whether  the  existence  of  a  surface  layer  of  Si02  is  necessa^  for  high  efficiency 
luminescence  to  occur  as  has  been  suggested  [6,7].  Until  recently.  Si  semiconductor  nanocluster 
synthesis  has  not  been  pursued  as  vigorously  as  other  semiconductor  nanoclusters  such  as  the  11- 
VI  and  in-V  materials.  This  is  most  likely  due  to  the  difficulties  involved  in  synthesizing  discrete 
Si  clusters.  However,  in  1990,  when  Canham  [8]  first  pointed  out  the  importance  of  visible 
photoluminescence  in  PS  and  suggested  that  this  may  be  the  result  of  a  quantum  confinement 
effect,  interest  in  nanometer  sized  silicon  clusters  greatly  increased.  Some  of  the  methods  which 
have  been  used  to  synthesize  Si  nanoclustets  include  thermal  pyrolysis  [9],  evaporation  and  User 
ablation  into  an  inert  atmosphere  [10,1 1,12,13],  and  high  pressure  solution  phw  synthesis  [14]. 
Generally  a  wide  size  range  is  obtained  with  these  methods  including  the  technique  of  ultrasonic 
fracturing  [1].  To  date  the  technique  which  has  produced  Si  nanoclusters  of  the  most  uniform 
size  involves  a  high  temperature  pyrolysis  where  the  Si  clusters  are  prepared  as  an  ethylene 
glycol  colloid  [7]. 

In  our  continuing  investigation  of  the  production  of  nanometer  sized  Si  clusters  from 
colloidal  suspensions  of  PS,  we  have  broadened  the  parameters  under  which  we  had  previously 
carried  out  these  experiments  [2].  By  using  ethanol  in  the  anodization  solution,  and  increasing 
the  anodization  times,  it  is  hoped  that  smaller,  more  uniform  crystallites  can  be  obtained.  This 
paper  describes  the  FTIR  and  HRTEM  characterization  results  of  Si  colloids  produced  under 
several  different  conditions.  The  photoluminescence  spectroscopy  of  these  materials  will  be 
reported  elsewhere  in  this  publication  [15]. 


EXPERIMENTAL 

The  PS  samples  were  formed  by  anodizing  p-type  (B-doped)  (100)  oriented  silicon 
wafers  with  resistivity  of  14  -  22  fkra  in  20%  HF  solutions.  Parameters  used  in  the  synthesis  of 
the  clusters  are  given  in  table  I.  Anodization  took  place  over  20  or  180  minutes  with  a  constant 
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Table  I.  Parameters  Used  to  Prepare  Colloidal  Si  From  PS. 


mu 

Anodization 

Time 

(min.) 

Colloid 

Solvent 

Sonification 

Time 

(days) 

20 

0 

acetorjtrile 

1 

20 

0 

20 

20 

acetonitrile 

2 

20 

0 

20 

20 

acetonitrile 

5 

20 

0 

20 

20 

acetoninile 

7 

20 

10 

20 

20 

acetonitrile 

7 

20 

10 

20 

20 

toluene 

7 

20 

30 

20 

20 

acetonitrile 

7 

20 

30 

20 

20 

toluene 

7 

20 

30 

5 

180 

acetonitrile 

7 

20 

30 

7.5 

180 

acetonitrile 

7 

20 

60 

5 

180 

acetonitrile 

7 

current  density  of  5.  7.5  or  20  mA/cm^.  The  20%  HF  solutions  contained  0,  10,  30  or  60% 
ethanol  by  weight  with  a  corresponding  amount  of  water  making  up  the  remainder  of  the 
solution.  With  some  samples  a  second  electrochemical  etch  was  performed  using  a  1%  HF 
solution  of  HF/H2O  with  a  current  density  of  160  mA/cm^  for  one  minute  to  separate  the 
anodized  PS  layer  from  the  Si  substrate. 

The  samples  were  then  rinsed  with  deionized  water  and  dried  under  a  stream  of  N2  gas 
and  placed  in  a  vacuum  chamber.  The  chamber  was  evacuated  to  70  mtorr  for  several  hours  to 
help  facilitate  the  removtd  of  water  and  the  samples  were  brought  into  a  solvent-free  drybox.  The 
PS  was  mechanically  removed  from  the  Si  substrate.  The  resulting  material  was  collected  in  a 
side  arm  shlenke  flai.  Approximately  10  ml  of  solvent  (acetonitrile  or  toluene)  which  had  been 
dried  over  calcium  hydride,  distilled  and  degassed,  was  added  to  the  flask  containing  the  Pj. 
The  mixture  was  placed  in  a  Branson  Ultrasonic  bath  for  up  to  7  days.  Upon  removal  from  the 
uluasonic  bath  the  solution  was  allowed  to  settle  and  the  resulting  supernatant  was  removed  for 
study. 

UV-Vis  spectra  were  obtained  of  the  solutions  several  limes  during  their  sonication  with  a 
Hewlett-Packard  8450A  diode-array  spectrophotometer.  FTTR  spectre  were  collected  for  the  PS 
powders  before  sonication  by  combining  tte  powder  with  KBr  for  making  a  KBr  pellet  An 
equal  mass  of  KBr  was  used  as  a  reference.  IR  spectra  of  the  colloid  solutions  were  obtained 
both  by  evaporation  of  the  colloid  solvent  on  a  <2sl  salt  plate  and  from  a  solution  cell  made  of  two 
KBr  s^t  plates.  All  of  these  spectra  were  collected  on  a  Mattson  Galaxy  series  FTIR  3(XX). 

HRTEM  samples  were  prepared  by  evaporation  of  the  colloid  solution  on  lacy  carbon- 
coated  electron  microscope  grids.  The  high  resolution  transmission  electron  microscope 
(HRTEM)  was  a  200CX  fWEM  which  operated  with  an  accelerating  voltage  of  200  kV. 


RESULTS  AND  DISCUSSION 

An  expansion  of  our  experimental  parameters  from  previous  work  was  purposely 
undertaken  in  order  to  determine  the  most  appropriate  conditions  for  creating  the  PS  colloid  with 
the  most  uniform  structure  and  smallest  size  range  distribution.  Table  I  shows  the  parameters 
used  in  the  preparation  of  die  PS  colloid.  The  addition  of  ethanol  to  our  anodic  solution  and  the 
increase  in  anodization  times  over  our  previously  reported  work  was  performed  in  hopes  of 
making  more  uniform  crystallites  with  a  greater  proportion  in  the  smaller  size  range  where  the 
crystallite  diameter  does  not  exceed  the  exiton  diameter  of  silicon  (about  10  nm).  HRTEM 
studies  carried  out  on  the  PS  colloid  samples  made  only  with  HF  and  water  showed  a  wide  range 
of  particle  sizes  (20  -  50  nm)  and  shapes  with  few  particles  in  the  smaller  ran^.  The  samples 
prepared  with  ethanol  in  the  anodization  step,  however,  have  produced  a  significant  fraction  of 
the  smaller  nanometer-sized  particles  with  sizes  ranging  from  7  and  40  nm.  Even  smaller 
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particles  have  been  observed  in  the  electron  microscope  from  these  samples  made  in  ethanol  but 
the  lattice  fringes  have  not  been  resolved.  These  parades  range  in  size  from  2  to  10  nm  and  seem 
to  occur  only  in  the  presence  of  other  larger  ciystallites.  Because  the  crystallites  seem  to  adhere  to 
the  grid  only  in  areas  absent  of  holes,  the  lattice  fringes  and  diffraction  patterns  of  these  smaller 
particles  have  not  been  obtained. 


Figure  1.  High-resolution  TEM  miaograpb  of  a  Si  nanocluster.  The  lanice  spacing  ofl>.31 
nm  indicates  this  is  a  view  down  a  <1 10>  ajiis  showing  the  ( 11 1 )  inieiplanar  spacings. 


Figure  1  shows  an  electron  micrograph  of  a  particle  around  8  nm.  This  was  obtained 
from  a  coUoid  solution  made  with  60%  ethanol  in  the  anodization  solution,  a  current  density  of  5 
mA/cm^.  and  an  anodization  time  of  180  minutes.  Its  diffraction  pattern  and  lattice  spacing  of 
0.3 1  nm  suggest  that  the  (111)  planes  are  responsible  for  the  visible  fringes  in  the  micrograph. 
Figure  2  shows  a  much  larger  particle  of  around  40  nm  from  the  same  colloid  solution. 


Figure  2.  High-resolutioo  TEM  micrograph  showing  a  coDglomeniioa  of  faidividnal  SI 
ciyslalliles.  Ad  amorphous  layer  of  betweeo  3  10  4  nm  surrounds  the  afire  structure. 
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The  lattice  fringes  suggest  that  this  is  not  a  single  particle,  but  a  conglomeration  of  several  smaller 
particles.  The  electron  diffraction  pattern  for  this  cluster  shows  diffraction  spots  and  can  be 
interpreted  as  arising  from  several  crystallites  of  dtffetent  orientations.  The  smaller  particles 
making  up  the  cluster  are  around  7  to  1 1  nm.  This  picture  typifies  the  general  structure  of  the 
larger  clusters  in  that  they  ate  made  up  of  smaller  crystallites  which  have  condomerated  together. 
Whether  it  is  chemical  bonding  or  Van  der  Waals  forces  holding  the  crystallites  together  is  not 
known.  As  can  be  seen  from  the  micrograph  in  figure  2  an  amorphous  layer  surrounds  the  entire 
structure  demonstrating  that  a  separate  morphology  exists  at  its  surface.  Whether  this  layer  is 
only  on  the  surface  of  the  conglomeration  or  is  also  present  around  the  entire  surfaces  of  the 
individual  crystallites  can  not  be  determined  from  the  micToaaph. 

Detailed  IR  experiments  on  the  different  PS  samples  were  carried  out  before  and  after 
ultrasonification  to  help  determine  the  composition  ot  the  amorphous  surface  layer.  The  PS, 
renooved  from  the  wafer,  was  mixed  with  ground  KBr  and  pressed  into  a  pelleu  Figure  3  shows 
the  FR  of  a  PS  sart^le  tnaAr.  from  an  anodic  HF  solution  having  30%  ethariol,  a  current  density  of 
S  mA/cm^,  and  an  anodization  time  of  180  minutes. 
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Figure  3.  FTIR  spectra  ol  PS  sunple  made  with  30%  ethanol  in  the  HF  solution. 
A  cunent  density  of  3  mA/cm^  was  used  with  an  anodizahon  time  of  180  mia 


This  spectra  was  taken  after  the  sample  was  in  a  solvent  free  dtybox  for  24  hours.  The  three 
prominent  features  of  this  spectra  ate  the  Si-H  stretching  at  2073  enr  >  and  the  Si-H  bending  and 
wagging  modes  at  902  and  661  cm'l  respectively  [16]. 

Figure  4  shows  a  typical  IR  ttf  the  sonicated  colloidal  Si  suspension  after  evaporation  of 
the  solvent  on  a  Csl  salt  plate.  The  Si-H  peaks  have  disappeared  con^letely  and  new  peaks  arise 
in  the  hydrocarbon  region  of  the  spectrum  around  2958, 2927  and  2856  cm'^  In  addition,  a  Si-0 
stretching  pe^  at  10^  cm'  *  is  present  It  has  been  suggested  that  the  hydrocarbon  peaks  which 
often  appctf  in  IR  spectra  of  PS  san^les  ate  due  to  alcohol  (generally  ETOH)  residue  left  by  the 
anodization  solution  [17].  As  can  be  seen  in  Figure  3,  no  such  peaks  ate  inesent  for  the  PS 
sample  prepared  wi A  HF/  ETOH.  These  peaks  ate  present  in  our  Ps  samples  made  only  with  HF 
and  water  after  brief  periods  of  exposure  to  air.  This  suggests  that  the  presence  of  the 
hydrocarbon  constituents  is  not  due  to  the  use  of  alcohol  in  the  anodization  step.  We  have  ftrund 
that  after  brief  exposure  to  air  the  PS  samples  show  hydrocarbon  contamination,  even  when 
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FigufC  4.  FTIR  spectra  of  colloidal  Si  suspensioo  after  evapcnboo  of  solvenL 


alcohol  is  not  used  in  the  anodization  process.  The  appearance  of  these  hydrocarbon  peaks  is 
greatly  slowed  if  the  PS  sample  is  kept  in  a  solver.:  tree  d^box  under  N2.  However,  theM  peaks 
begin  to  appear  even  under  solvent  free  conditions.  This  panem  of  Si-H  peak  disappeannce 
along  with  Si-CHj  and  St-O  peak  appearance  is  seen  for  all  PS  samples  regardless  of  the 
anodization  conditions.  The  samples  were  monitored  by  IR  over  time  and  intermediate  spectra 
where  both  sets  of  peaks  are  present  were  collected.  DR  spectra  of  the  acetoninile  coUtnd  showed 
an  -OH  stretch  in  addition  to  the  Si-CHx  (x  s  1  to  3)  and  Si-O  peaks.  This  alcohol  must  be 
produced  in  the  colloid  solution  during  the  sonicadon  step.  At  the  present  time,  it  appears  that 
even  under  rigorously  dry  anaerobic  conditions  Oj  is  stiU  present  in  large  enough  amounts  to 
form  Si-0  on  the  nanoclusters  and  the  alcohol  in  the  colloid  solution.  Futth«  studies  are 
underway  to  better  characterize  the  Si  colloid  soludons  prepared  from  PS. 
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SYNTHESIS  OF  LOW  DENSITY  MICROCELLULAR  ACTIVATED  CARBON 
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ABSTRACT 

The  use  of  activated  low  density  microcellular  carbon  (LDMC)  as  a  catalysis  supporter  for 
nanophase  Pt  or  Pd  particles  has  been  successfully  developed  in  this  study  The  good  dispersion 
and  interfacial  properties  of  nanophase  Pt  or  Pd  particles  on  activated  LDMC  are  formed  by 
using  an  impregnation  and  sintering  process  The  interfacial  structures  are  examined  by  TEM, 
HRTEM  and  an  image  analyst  system  No  preferred  orientation  of  interfacial  bonding  has  been 
found  between  nanophase  Pt  and  activated  LDMC  The  activated  LDMC  supported  Pt  or  Pd 
catalysts  have  the  high  reactivity  which  can  complete  hydrogenation  and  oxidation  of  CO  gas  at 
low  temperatures  (<453  K)  Tne  catalytic  activity  of  CO  hydrogenation  is  increased  as  the  size 
of  the  nanophase  Pt  and  Pd  particles  decreases 

INTRODUCmON 

Nanocrystalline(NC)  catalysts  have  limitations  in  actual  applications  NC  particles  will  sinter 
or  weld  from  the  heat  released  in  a  chemical  reaction  without  a  good  supporter  At  the  same 
time,  they  do  not  have  enough  mechanical  strength  to  fight  against  environmental  failure  A 
suitable  supporter  is  therefore  necessary  for  NC  catalytic  particles[l,  2] 

Low  density  microcellular  materials  (LDMM)  were  developed  by  the  U  S  Department  of 
Energy  (DOE)  National  Laboratories  [3],  Because  of  its  'ow  atomic  number,  good  chemical 
corrosion  resistance,  low  thermal  expansion  and  great  carrying  areas  properties,  the  activated 
low  density  microcellular  carbon  (LDMC)  is  used  as  a  precursor  for  NC  catalyst  particles  in  this 
study  Carbon  supported  catalysts  were  found  to  be  more  active  than  the  silica,  molybdenum 
oxide  and  alumina  supported  catalysts  in  the  low  temperature  range(T<473  K)[4-7]  In  the  past, 
alumia  supported  metal  halide  catalysts  were  used  by  Todo  et  al  [8],  carbon  supported  copper 
oxide  catalysts  were  employed  by  Nozaki  et  al.  [9].  and  a  catalyst  contained  vanadium  on  both 
activated  carbon  and  titania/carbon  was  developed  by  Kasaoka  et  al  for  low  temperature 
applications  [10] 

Although  carbon,  especially  in  the  form  of  activated  carbon,  had  been  used  in  many  studies 
as  supporter  for  noble  metal  catalysts,  there  has  not  been  any  study  on  the  effects  of  the  activated 
LDMC  structure  on  the  dispersion  and  activity  of  NC  Pt  and  Pd  particles  and  on  the  selective 
catalytic  oxidation  or  hydrogenation  of  CO  We  therefore  report  the  results  of  such  a  study  here 

EXPERIMENTAL 

The  pure  platinum  and  palladium  particles  with  diameters  of  less  than  20  nm,  have  been 
produced  by  gas-evaporation  in  a  helium  atmosphere]  1 1],  The  size  of  these  NC  particles  are 
controlled  by  changing  the  different  helium  pressure,  evaporation  rates  of  themetals,  and  the 
distance  between  the  evaporated  tungsten  boat  and  the  collecting  cold  trap. 
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Two  kinds  of  solutions  are  used  as  precursors  to  synthesize  LDMC  One  is  a 
resorcinolTormaldehyde  (RF)  solution,  and  the  other  is  a  styrenr  divinylbenzene  (PS)  solution 
The  volume  ratio  of  RF  to  PS  is  fixed  at  one  and  the  acetone  used  is  kept  between  a  range  of  30 
to  60  vol“  o  to  induce  inverse  emulsion  and  cross  linking  polymerization  The  maleic  anhydnde 
and  benzoylperoxide  are  used  as  catalysts  for  polymerization  The  pre-LDMC  polymiers  are 
carboiuzed  in  N,  gas  at  1 173  K  for  two  hours  LDMC  is  then  activated  in  carbon  dioxide  at 
1 1 73  K  for  6  hours  to  form  activated  LDMC 

1  o  combine  the  NC  Pt  or  Pd  particles  with  activated  LDMC  supporter,  the  pores  of  l.DMC 
by  acetone  solvent  are  impregnated  into  the  NC  particles  The  NC  particles  are  then  trapped  on 
the  wall  of  pores  by  small  electrostatic  forces  or  van  der  VVaals  forces  A  suitable  sintenrig 
temperature  (873K)  and  three  different  sintering  limes  30,  60,  and  90  minutes  are  used  to  forn.  a 
good  bond  between  the  NC  particles  and  supporters 

The  morphology  and  structure  of  the  NC  ,  articles  are  examined  using  TEM  image  and 
diffraction  patterns  The  interfacial  properties  and  dispersion  of  Pt  and  Pd,  which  are  supported 
on  activated  LDMC,  are  analyzed  using  a  'EOL  4000-EX  HRTENf  and  the  Image  Analyst 
System  MATROX  MVP-AT  +  IPPLCS 

The  catalytic  behavior  of  the  hydrogenation  or  oxidation  of  CO  is  studied  at  0  03  MPa  in  a 
small  plug-tlow  column  reactor  under  different  reaction  conditions  A  206  SCCM  flow  rate  with 
a  volume  ratio  of  Ht  CO  equal  to  3  6  1  or  200  SCCM  flow  rate  of  1%  CO  is  passed  through  the 
sample  After  2  minutes  of  reaction,  the  products  are  periodically  analyzed  using  SHIMAD/II 
C1C-6MA  gas  chromatography  to  measure  the  amount  of  unreacted  CO  The  data  are  used  to 
determine  the  activity  of  the  Pt/aclivated  LDMC  catalyst  or  Pd/activated  LDMC  catalyst 


RESl  l-TS  AND  DISCUSSION 

A.  Structures  and  Sizes  of  Nanocrystalline 
Particles 

TEM  micrograph  of  NC  Pt  particles 
produced  in  different  helium  pressures  are  shown 
in  Figure  1  The  images  indicate  that  the  sliape 
of  NC  Pt  particles  are  almost  spherical  with  a 
clean  particle  surface  The  particle  size  of  Pt 
becomes  larger  as  the  helium  pressure  increases 
The  helium  pressure  in  this  study  was  kept  in  a 
range  from  1  mbar  to  100  mbar  Under  the  same 
helium  pressures,  NC  Pd  always  has  a  greater 
mean  particle  size  than  that  of  Pt  This  result  is 
due  to  the  higher  evaporation  rate  of  Pd  than  that 
of  Pt  at  the  same  temperature 


Figure  I  :  TEM  images  of  NC  Pt 

produced  under  helium  pressure  of  (a) 
mbar,  (b)  10  mbar,  (c)  50  mbar  and  (d)  100 
mbar 
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B.  Characterization  of  LDMC  Supports 

The  pore  morphologies  in  pre-LDMC  polymer  are  quite  dift'erent  from  different  viscosities 
In  this  study,  the  viscosities  vary  by  the  volVo  of  acetone  in  the  mixed  solution  of  RF/PS  The 
results  indicate  that  adding  40  vol%  acetone  polymerization  will  produce  72%  porosity  and  0  19 
g/cmr  bulk  density,  which  would  indicate  that  LDMC  is  a  good  supporter  The  variation  of 
physical  properties  when  changing  the  vol%  of  solvent  is  shown  in  Figure  2.  Although  adding  50 
vol%  of  acetone  will  create  a  better  porosity,  its  mean  pore  size  measured  by  using  SEM  images, 
is  too  large  to  be  a  good  catalysts  supporter 


The  !,DMC40  (synthesized  by  adding  40  vol%  acetone  during  polymerization)  has  the 
lowest  bulk  density,  but  not  than  the  highest  porosity  This  is  due  to  the  fact  that  close  pores 
still  exist  in  LDMC40  The  porous  morphologies  of  various  LDMC  are  shown  in  Figure  3 
When  the  solvent  is  increased  to  60  vol%  during  the  polymerization,  the  spherical  porous 


Volum#  Percent  of  Acetone  (*) 


Figure  2  Physical  properties  of  activated 
LDMC  with  different  vol%  of  acetone. 


Figure  3  ;  The  porous  morphologies  of 
activated  LDMC  produced  by  adding  (a)  30 
vol%,  (b)  40  vol%,  (c)  50  vol%,  (d)  60  vol%  of 


acetone 


structure  is  destroyed  completely  and  a  close- 
packed  sheet  structure  is  formed  This  result 
in  a  lower  porosity  and  higher  bulk  density  for 
LDMC60 


Figure  4  ;  TEM  images  of  Pt/LDMC 
under  sintering  time  of,  (a)  30  minutes,  (b)  60 
minutes,  and  (c)  90  minutes  at  873  K  and  TEM 
images  of  PdA-DMC  under  sintering  time  of, 
(d)  30  minutes,  (e)  60  minutes,  and  (0  90 
minutes  at  873  K 
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The  chemical  adsorption  ability  of  LDMC  will 
be  improved  and  increased  by  activation 
According  to  the  activation  process,  many 
micropores  and  mesopores  are  created  on  the 
surface  of  LDMC,  and  the  inside  surface  of  inside 
activated  LDMC  increases  quickly  The  specific 
surface  area  (1095  79  mt/g)  of  activated  LDMC 
which  is  measured  by  BET  is  thirty  five  times  that 
of  non-activated  LDMC 

C.  Sintering  Effects 

A  sintering  process  is  used  to  bond  the  NC  Pt 
or  Pd  particles  to  the  activated  LDMC  supporter. 
The  interfacial  bonding  between  the  impregnated 
nanosize  particles  and  supporter  is  formed  in  the 
sintering  process  The  strength  of  the  bonding 
increases  with  an  increase  of  the  sintering  time  at 
873K  But  in  order  to  avoid  dispersion  reduction , 
activity  and  selectivity  of  the  catalyst  as  well  as  the 
conditions  of  sintering  are  carefully  selected.  In 
this  study,  a  persistent  and  high  dispersion 
supported  catalysts  was  produced.  Figure  4 
shows  the  morphologies  of  NC  Pt  and  Pd  particles 
coated  on  the  activated  LDMC  supporter  having 
different  sintering  times 


D.  Interfacial  Analysis 

The  interfaces  formed  between  the  nanosize 
Pt  catalyst  and  activated  LDMC  supporter  were 
studied  Using  JEOL  4000-EX  HRTEM,  the 
lattice  fringe  image  of  NC  Pt  particles  were 
obtained  and  are  shown  in  Figure  5.  When  the 
NC  Pt  particles  are  bound  to  an  amorphous 
activated  LDMC  supporter,  the  interfaces  form  at 
different  Pt  planes  The  diffraction  pattern  at  the 
corner  of  Figure  5  was  obtained  from  the  Fourier 
transformation  of  the  lattice  image  by  Image 
Analyst  System.  For  nanosize  Pt  particles,  the 
atoms  can  slip  more  easily  during  surface  diffusion 


Figure  5  :  Three  different  interfaces  between 
NC  Pt  particles  and  activated  LDMC 
supporter  observed  by  HRTEM. 
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and  t'orni  bonds  more  easil>'  »ilh  ihe  amorphous  structure  of  activated  LDMC  using  a  low 
sintering  temperature  in  different  lattice  planes  No  preferred  orientation  of  interfacial  bonding 
bas  e  been  found  in  Pt/'LDMC  material  The  atomic  image  in  Figure  6  indicates  that  the  sintered 


NC  Pt  particles  have  many  steps  on  the  surface 
which  will  increase  the  catalytic  activity 

K.  Characterization  of  Ihe  Catalysts 

The  catalytic  activity  and  selectivity  of 
nanosize  Pt  and  Pd  particles  supported  on  low 
density  microcellular  activated  carbon  are 
examined  by  gas  chromatography  The 
dependence  of  catalytic  activity  for  the  CO 
hydrogenation  on  the  particle  size  of  Pt  or  Pd  is 
shown  in  Figure  7  and  8  The  catalytic  activity 
for  CO  hydrogenation  increases  with  decreasing 
panicle  size  of  Pt  or  Pd  This  means  that  the 
low  density  microcellular  activated  carbon 
supported  NC  Pt  or  Pd  catalyst  activity  for  the 
CO  hydrogenation  reaction  is  sensitive  to 
structure 


Figure  7  :  CO  conversion  rates  as  the  function 
of  the  reaction  temperature  for  CO 
hydrogenation  of  Pt/activated  LDMC  catalysts 
under  different  sintenng  time  at  87.?  K 


figure  6  :  ffRTEM  observation  of  a  sintered 
NC  Pt  particles  (873  K,  60  minutes)  with  step 
structure  on  the  surface 


Figure  8  :  CO  conversion  rates  as  a  function  of 
the  reaction  temperatures  for  CO 
hydrogenation  of  Pd/activated  LDMC 
catalysts  under  different  sintering  time  at  873 
K 
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CONCLUSIONS 


The  results  of  this  study  are  summarized  as  follows 

1  NC  Pt  or  Pd  mean  particle  size  and  size  distribution  are  increased  and  broadened, 
respectively,  with  increasing  helium  pressure  during  evaporation 

2  The  pore  structures  of  LDMC  are  changed  by  adding  acetone  in  polynierization  process 
The  best  porous  structure,  which  has  72%  porosity  and  0  19  g/cms  low  density,  is  obtained 
by  adding  10vol%  acetone  during  polymerization  Activation  of  LDMC  will  create 
micropores  and  mesopores  on  the  surface  of  carbon 

t  Nanosize  Pt  and  Pd  particles  bond  to  the  activated  LDMC  supporter  at  low  sintering 
temperature  No  preferred  orientation  between  Pt  and  activated  LDMC  is  fotmeu 

4  The  siructurn  sensi'ive  reactioii  of  NC  Pt/activated  LP^tC  catalyst  for  <"<4  by 

indicated  that  a  smaller  particle  will  have  a  higher  catalytic  activity  and  similar  behavic  .^o 
occurs  in  NC  Pd/activated  LDMC  catalyst  In  this  study,  the  reactivity  of  NC  Pt  and 
Pd/activated  LD.MC  catalysts  were  much  higher  than  that  of  conventional  materials  Also, 
the  100%  CO  cuiwcrsion  rate  is  achieved  below  453  K 
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ABSTRACT 


A  study  of  the  microstructural  differences  between  exfoliated  and  non-exfoliated  MoSa-based 
materials  is  presented,  relating  them  to  differences  in  their  catalytic  activity.  Both  commercial 
(crystalline)  M0S2  and  molybdenum  sulfide  catalysts  prepared  by  ihiosalt  decomposition  are 
subjected  to  chemical  exfoliation  reported  to  separate  M0S2  monolayers  from  the  original 
structure.  Electron  microscopy  results  show  that  the  chemical  treatment  yields  non-typical  M0S2 
nanostructures.  Average  surface  area  is  also  modified  by  exfoliation.  The  thiophene  HDS 
activity  of  commercial  McSa  increases  after  exfoliation,  while  it  decreases  after  exfoliation  in  the 
case  of  M0S2  catalysts. 


INTRODUCTION 


Over  the  years,  molybdenum  disulfide-based  catalysts  have  proven  to  be  of  the  upmost 
importance  in  industrial  hydrotreating  processes.  However,  a  clear  picture  of  the  structure- 
activity  relationship  in  these  catalysts  remains  elusive  The  main  difficulty  in  this  regard  has  been 
the  anisotropic  structure  of  these  materials.  Fundamental  research  studies  have  already 
recogni2ed  important  features  related  to  the  chemical  reactivity  of  edge  planes  [1-3],  which 
contrast  with  the  demonstrated  inertness  of  basal  planes  [4,5].  The  edge  planes  have  been 
identified  as  the  active  sites  for  several  reactions,  including  hydrodesulfurization  [6],  hydrogenation 
[7],  isomerization  [8]  and  hydrodenitrogenation  [9].  Recently,  Eijsbouts  et  al.  [10]  have  shown 
that  the  hydrodesulfurization  and  hydrodenitrogenation  activities  of  molybdenum  disulfide 
promoted  catalysts  are  proportional  to  the  degree  of  dispersion  of  M0S2  and  that, consequently, 
the  loss  of  activity  with  time  on  stream  is  due  to  a  loss  of  dispersion. 

Oivilgapitiya  et  al.  [11]  have  developed  a  method  of  exfoliation  that  allows  the  dispersion  of 
molybdenum  disulfide  crystallites  leading  to  single-layer  materials.  Chemical  exfoliation  of 
crystalline  M0S2  was  first  reported  by  Joensen  et  al.  [12].  Since  significant  structural  modification 
occurs  as  a  result  of  the  exfoliation  procedure,  we  decided  to  study  its  effect  on  the  HDS  behavior 
of  the  crystalline  M0S2  as  compared  with  that  of  exfoliated  molybdenum  sulfide  catalysts. 
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Observed  changes  in  structure  and  activity  could  then  be  related  to  the  broader  question  of  the 
HDS  reaction  mechanism  in  M0S2  catalysts. 


EXPERIMENTAL 

Unsupported  molybdenum  sulfide  catalysts  were  obtained  by  thermal  decomposition  of 
ammonium  thiomolibdate  (AIM),  accoiding  to  a  knov.Ti  method  [13] 

Samples  of  commercial  M0S2  crystalline  powder  (iohnson-Matthey,  97'-/o+)  and  the 
molybdenum  sulfide  catalysts  were  treated  according  to  the  exfoliation  procedure  outlined  by 
Joensen  et  al.  [12],  First,  a  solution  of  n-Butillithium  in  hexane  (50%  molar  excess)  was  added 
under  inert  atmosphere  to  a  given  ammount  of  the  molybdenum  sulfide,  initiating  a  vigorous 
exothermic  reaction  After  48  h,  the  lithium-intercalated  material  was  filtered  and  washed  of 
excess  reagent,  then  made  to  react  with  water  to  yield  the  exfoliation  product,  which  was 
recovered  by  filtration  and  left  to  dry  in  the  glovebox.  In  the  case  of  the  commercial  M0S2,  after 
reaction  with  water  iuo  samples  were  centrifuged  at  3500  rpm  for  10  min,  thus  obtaining  a  "light" 
fraction  in  the  supernatant  and  a  "heavy"  fraction  in  the  sediment,  which  were  then  separated, 
filtered  and  dried. 

All  the  HDS  catalytic  activities  of  the  samples  were  obtained  in  a  high-pressure  flow 
microreactor,  under  differential  reactor  conditions.  A  thiophene/H2  mix  was  fed  through  the 
reactor  at  a  flow  rate  of  100  mL/min,  under  2067  kPa  and  reactor  U  mperature  of  453-483  K, 
typical  sample  loads  were  0  15  g  Rate  constants  were  calculated  tfom  the  consumption  of 
thiophene,  which  was  followed  using  a  Varian  5000  gas  chromatograph  with  a  Chromosil  330 
packed  column  and  Spectra-Physics  Integrator. 

The  microstructure  and  electron  diffraction  patterns  of  the  exfoliated  and  non-exfoliated 
M0S2  samples  were  observed  using  a  JEOL  lOOC  transmission  electron  microscope.  Standard 
multipoint  BET  specific  area  measurements  were  done  on  a  Gemini  2060  surface  analyzer,  using 
nitrogen  as  adsorbate.  Samples  were  degassed  at  473  K  with  argon  (low  for  2  h  prior  to  analysis. 


RESULTS 


A  typical  view  of  M0S2  crystals  under  high  resolution  conditions  is  shown  in  Fig  1.  The 
lattice  resolution  of  (002)  planes  in  a  large  crystal  is  clearly  identified  and  shows  the  characteristic 
layered  structure  of  the  M0S2-2H  structure  (hep)  At  the  border  of  the  crystal,  the  formation  of 
a  step  due  to  a  stacking  fault  is  observed.  This  kind  of  defect  is  very  common  in  M0S2  crystals, 
as  reported  earlier  [14] 

High  resolution  images  of  the  samples  of  exfoliated  crystals  after  sedimentation  are  shown  in 
Fig.  2  and  3a.  In  the  first  image  we  observe  a  wide  view  of  the  sediment.  The  remains  of  a  large 
crystal  are  shown  in  the  center  of  the  picture,  where  some  (002)  lattice  planes  are  still  evident, 
but  in  general  a  great  deal  of  disorder  prevails  in  the  material.  The  presence  of  black  spots  over 
the  entire  image  suggests  the  presence  of  small  crystallites  offering  different  orientations  with 
respect  to  the  electron  beam.  Fig.  3  a  shows  a  bright  field  image  of  the  product  of  exfoliation  found 
in  the  supernatant  after  centrifugation.  It  is  formed  mainly  by  small  crystallites  with  a  nearly 
spherical  shape,  their  typical  sizes  ranging  between  5-25  nm.  The  dark  field  image  taken  under 
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Fig.  1 .  High  resolution  bright  field  image 
of  cry  stalline  MoS;  showing  (002)  planes. 


Fig.  3a  and  3b.  Bright-field  and  dark-field 
images  of  the  "particulated  phase"  separated 
by  centrifugation  after  exfoliation. 


Fig.  2.  Bright-field  image  of  the  sediment  of 
exfoliated  MoS?  showing  the  remains  of  a 
large  crystal. 


Fig.  4.  High-resolution  bright-field  image  of  the 
MoS;  catalyst  obtained  by  ATM  decomposition 
showing  the  "poorly  crystalline"  structure. 


Fig.  5.  High-resolution  bright-field  image  Fig.  6.  High-resolution  dark-field  image  of  a 
of  the  exfoliated  MoS;  catalyst.  particle  obtained  after  exfoliation  of  the  MoS; 

catalyst  showing  (002)  planes. 


weak  beam  conditions  [!5)  allows  the  identification  of  thickness  fringes,  which  suggest  that  most 
of  the  particles  are  three-dimensional  (Fig.  3b). 

Figure  4  is  a  bright  field  image  of  the  catalyst  obtained  by  decomposition  of  ATM  under  a 
gas  mixture  H2S(15'’/o)  /  H2  The  image  shows  a  very  irregular  structure  with  stacks  of  (002) 
planes  in  all  directions.  This  structure  has  been  called  the  "poorly  crystalline”  phase  of 
molybdenum  disulfide  because  it  gives  very  weak  and  bread  lined  X-ray  spectra  [16]  and  a 
multiple  ring  pattern  by  electron  diffraction  [17].  The  bright  field  images  typical  of  the  exfoliated 
catalyst  are  shown  in  Fig.  5  and  6,  correspondig  to  the  sediment  and  supernatant,  respectively. 
The  sediment  in  Fig.  5  still  has  the  "poorly  crystalline"  structure,  although  in  some  zones  of  this 
sample  the  distance  separating  (002)  planes  was  0.08  nm,  suggesting  that  lithium  remains 
intercalated  between  them  The  "light"  fraction  is  mainly  composed  of  particles  similar  to  that 
of  Fig  6.  The  particles  are  crystalline,  with  (002)  planes  running  all  across  the  particle 

The  results  of  surface  area  and  catalytic  activity  are  showm  in  Table  1  It  is  observ  ed  for  the 
commercial  M0S2  ihat  the  surface  area  remains  almost  unchanged  by  the  exfoliation  treatment. 
The  catalytic  activity  on  the  other  hand,  increases  substantially  by  a  factor  of  3.5.  Both  samples 
have  similar  surface  areas  before  and  after  the  reaction  For  the  catalyst,  the  surface  area 
decreases  very  strongly  both  by  the  exfoliation  or  the  reaction  test,  reflecting  a  high  instability 
of  the  catalyst.  The  cataljlie  activity  of  the  original  sample  is  higher  than  that  of  the  exfoliated 
catalyst  and  it  was  necessary  to  measure  it  at  lower  temperatures  in  order  to  make  a  comparison 
The  exfoliated  catalyst  requires  a  temperature  about  30  degrees  higher  to  have  an  activity  similar 
to  that  of  the  original  catalyst. 


Table  1-  Experimental  surface  area  and  catalytic  activity  measurements 
(a)  T  =  483  K,  (b)  T  =  453  K 


Sample 

BET  area  (m7/g) 
before  after 

Increase  in 

BET  area  (mZ/g) 

Rate  consta 
(1  O'*  mol/s 

Commercial  M0S2 

1 1  65 

10  25 

1  40 

7,70  (a) 

Commercial  M0S2 

after  exfoliation 

13.61 

12  04 

-1.57 

26.95  (a) 

M0S2  Catalyst 

41,53 

8  11 

-33.42 

16,94  (b) 

M0S2  Catalyst 

after  exfoliation 

5.85 

3  78 

-2.07 

10.78  (a) 

DISCUSSION 


The  exfoliation  method  has  proven  very  promising  in  the  synthesis  of  new  materials  with  very 
interesting  properties  in  optics  [18],  composites  [19],  magnetic  storage  materials  [20],  etc. 
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The  main  characteristic  ol'tlii''  method  is  the  claimed  dispersion  of  molybdenum  disulfide  crystals 
into  single  layer  materials  fhe  evidence  shown  by  HREM  confirms  the  ...dispersion  of  M0S2 
crystals.  Two  dilTerenl  structures  have  been  identified  in  the  exfoliation  product  after 
centrifugation,  one  found  in  the  sediment  and  the  other  in  the  supernatant.  The  "highly 
disordered"  phase  which  is  characteristic  of  the  sediment  shows  large  particles  where  (002) 
planes  are  disordered  between  different  zones  of  the  same  particle.  This  phase  is  very  similar 
to  the  "poorly  crystalline”  phase  observed  in  molybdenum  disulfides  obtained  at  low  temperatures 
and  which  are  commonly  used  as  catalysts  [16].  The  "particulated"  or  "highly  dispersed"  phase 
which  is  characteristic  of  the  supernatant  is  mainly  formed  by  small  particles  in  the  range  of  5 
to  25  nm.  This  phase  has  never  before  been  observed  by  electron  microscopy  ,  yet  it  probably 
constitutes  a  by-product  of  the  chemical  exfoliation  that  yields  the  "single  layer"  material 
reported  by  Joensen  et  al  [12] 

The  catalylic  activity  for  the  HDS  of  thiophene  is  noticeably  increased  by  the  exfoliation 
procedure  in  the  case  of  the  commercial  (crystalline)  M0S2.  This  cataKlic  effect  is  obtained  with 
no  appreciable  variation  in  BET  surface  area  of  the  sample,  as  shown  in  Table  I.  Therefore,  this 
result  may  be  explained  by  an  increase  of  the  edge  sites  that  occurs  due  to  the  process  of 
fragmentation  (redispersion)  from  large  to  small  particles.  Edge  sites  are  held  to  be  the  active 
sites  for  HDS  reactions  in  MoS2-based  catalysts. 

Entirely  different  catalytic  results  are  found  for  the  exfoliated  M0S2  catalyst.  In  this  case, 
even  though  there  is  evidence  of  redispersion  owing  to  formation  of  p.articles  like  the  ones  in  Fig. 
6,  both  the  catalylic  activity  and  the  surface  area  are  drastically  reduced,  suggesting  that 
microporosity  plays  an  inip'-rtanl  role  in  the  behavior  of  this  catalyst. 

These  results  show  a  comrary  efteci  of  the  exfoliation  depending  on  the  type  of  M0S2  that 
is  being  used.  A  positive  cftect  of  exfoliation  in  the  catalytic  activity  of  crystalline  M0S2,  and 
a  negative  effect  on  the  cataKlic  activity  of  poorly  crystalline  M0S2. 


CONCLESIO.NS 

The  exfoliation  treatment  of  commercial  (crystalline)  molybdenum  disulfide  is  shown  to 
d.speise  or  fiagiuciu  iai^c  ei.j.a'.i  intu  smal!  .'.'.ites.  This  dispe, sior.  occurs  no 
appreciable  change  in  the  surface  area  of  the  sample.  No  conclusive  evidence  of  single  layer 
structures  was  found  by  TEM  Catalytic  activity  of  commercial  M0S2  is  substantially  increased 
by  the  exfoliation  tre.atrnent,  suggesting  (hat  the  dispersion  or  fragmentation  process  augments 
the  number  of  catalvlically  active  edge  sites. 
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ABSTRACT 

Nam*.'r\sialline  materials  have  been  intensely  inscstijtated  in  the  rcs’cnt  past  due  to  the 
novel  properties  assiviated  with  si/c  quanti/ed  particles.  We  base  dcselopcd  a  new  mcthoel  lor 
high  yield,  solution  phase  synthesis  ol  naniKrystalhnc  lll-V  semiconductors  which  eliminates 
the  use  o(  suhsiituted  oi  unsubstituied  Group  V  hydrides  and  Group  111  alkyls.  Our  appioach 
consists  ol  in  sun  syntheses  ol  (NaKhE  ih  =  P.  As.  Sb)  in  aromatic  sohents  and  siibsemK-m 
reactions  ol  these  pnictides  wuh  Group  111  halide  solutions  in  coordinating  solvents.  The 
nanvK'ry slallinc  lll-V  semiconductors  GaP.  GaAs,  GaSb.  InP,  In.As  and  InSb  arc  readily 
prepared  in  a  wide  range  of  particle  si/cs  (4-.tei  nm)  and  in  high  yields  The  resultant  111  V 
materials  have  been  characten/ed  by  ,XRD.  EDXA.  TEM  and  elemental  analyses 


Introduction 


Semiconductoi  nanwrystals  are  potentially  useful  materials  due  to  their  novel  physical 
properties  markedly  different  from  those  of  the  bulk  solids.  Although  a  vancty  of  synthetic 
methods  arc  reported  for  obtaining  nanocrystallinc  materials,  those  for  synthcsi/'ing  HID’ 
nanixirystals  in  solution  have  mainly  tiKuscd  (I  |  on  the  reaction  of  GaCIi  and  A.s(SiMc,i)i  in 
organic  solvents,  one  of  the  dchalosilylalion  reactions,  dcvcUipcd  by  Wells  and  co-workers  12] 
In  addition,  Uchida  et  al.  reported  the  synthesis  of  GaAs  and  InAs  nanocrystals  from  Gafacacli 
and  In(acac)r,  respectively  by  reactions  with  AsfSiMcvfs,  however,  formation  of  other  by- 
prixlucUs  or  the  fate  of  the  acctylacctonate  ligands  were  not  reported  (3j.  The  reported  previous 
methods  use  the  toxic  and  air-scnsitivc  AsfSiMes),!  or  P(SiMer)v  jSd)  as  starting  materials 
Thus,  an  alternative  route  to  the  nanocrystal  line  Jll-V  semiconductors  is  desirable.  Recently 
Kaner  and  coworkers  reported  a  general  melhtxl  involving  solid  stale  mclalhcsis  (SSM)  to 
-synthcsi/c  binary  III-V  semiconductors  by  reacting  svxlium  pnielidcs  with  Group  111  halides 
either  in  bombs  or  sealed  glass  ampules  at  high  temperatures.  These  exothermic  reactions 
generate  enough  heat  to  melt  the  svxlium  halide  product  and  yield  polycry, siallinc  lll-V 
semiconductors  often  contaminated  w  ith  starling  materials  and  by-prtxlucUs  |4)  It  has  also  been 
reported  that  this  mclhrxl  prixluccs  lll-V  compound  scmieonduelors  containing  considerable 
amounts  of  non-removable  halide  inclusions  and  the  rapid  exothermic  SSM  reactions  introduce 
high  defect  concentration  and  lattice  strain  in  resulting  semiconductors  |4dl.  However,  an 
important  aspect  of  Kancr's  work  involved  cvmtrolling  the  particle  si/c  by  adding  inert  materials 
as  heat  sinks  to  the  SSM  reaction  mixtures.  The  particle  size  of  MoS;  synthesized  from  the 
SSM  reaction  between  M0CI5  and  Na2S  was  altered  by  the  amount  of  NaCl  added  to  the 
reactants.  The  larger  the  amount  of  NaCI,  the  smaller  the  particle  size  of  M0S2  obtained  [4c|. 
The  SSM  route  involves  rather  severe  reaction  conditions  and  high  temperatures;  thus,  we 
investigated  fundamentally  similar  reactions  to  that  described  by  Kaner  and  co-workers  but 
carrying  out  the  reactions  in  organic  solvents.  The  .solid  slate  reactions  are  diffusion  controlled; 
whereas,  due  to  the  ca.se  of  stirring,  a  better  control  can  be  achieved  in  the  solution  pha.se 
chemistry.  This  should  also  result  in  solvents  acting  as  belter  heat  sinks  and  refluxing  rather 
than  the  observed  I4b,  c)  meltdown  of  the  reaction  flux  in  the  SSM  reactions.  Although  the  use 
of  solvents  resulted  in  reduced  particle  size,  we  discovered  that  a  further  reduction  in  the  panicle 
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M/C  c.nilj  he  achic\cd  h\  cmpliamg  ovurdinalmg  siilvcnls.  Herein.  »e  lefnn!  I.^l  the  Ins’, 
■leei'unl  111  the  M.luiuin  phase  sxnlhesisnl  narnuTS  stall  me  lll-V  scmiennduelois  ahieh  dis-s  ii.n 
uiili/e  suhsliluled  or  iinsLitMiluted  phosphine,  arsine  oi  siihine  leqs  1  and  2). 


^iSaKi  r  1 
1  r  p,  ..\v.  Sb 


Rel1u\ 

Anmialie 

Soheni 


(NaKl.i: 


(I) 


iNaKi.l  ^  MX,  - - ►  '(\aKiX  +  Ml 

in  Aiomalic  Indighme  Nanoervsiallme 

Si  'I  lent 

M  =  Ga.  [•;  --  ,\s.  \  i:  n  I  I-  -  P.  Sh.  .\  =  Cl 
M  =  In.  !■  .As,  Sb,  X  =  1,  I-  =  l>.  X  =  Cl.  Br.  I 


E<pfrlinenlal 

The  svnihcsis  ol  (Na  Kl,fi  (!■.  =  P.  As,  Sb)  was  ad.ipled  (roir  a  sirml-r  proeediiu 
dcseribr'd  b>  f’clerson  cl  iil.  |e'|  lor  the  ssnlhesis  ol  (Na.'K)>P  in  tx-n/ene  In  a  ispical 
evfxniiieiU,  iNa  Kl-J-.  (!';  =  P.  As,  Sb)  'aas  synthcsi/cd  in  situ  b\  tcaeling  siHlmni  polassumi 
alloy  u  iih  c\eess  arsenic  p<  'wder  or  excess) at  Icasl  M)'il )  «  hue  phosphorus  or  a  sloichn  >mel! u' 
amoiml  ol  anlimony  powder  in  rciluxing  toluene  (lor  E  =  P,  As)  or  in  xylene  iloi  E  =  Sbi  o  , 
iwo  days  The  reaction  llask  containing  Imely  dixidcd  black  pnicude  was  ihci-  ciHiled  to  (i  °C 
,ind  to  this  was  added  MX  i  solution  in  diglytne.  lollowcd  by  reliuxing  the  mixture  for  1-2  day  s 
On  ciHiling  the  reaction  mixture  to  room  icmpcralure,  dcioni/ed  water  was  added  to  the  reacin  m 
mixture  to  dissolve  alkali  halistc  by -prixjucts  and  to  destroy  remaining  trace  amounts  n| 
unrcactcd  pnictidc,  it  any  Ethanol  or  methanol  can  also  be  substituted  lor  deioni/ed  water  I'hc 
resulting  suspension  was  then  vacuum  liltered  in  air  ajid  the  solid  residue  on  the  lilter  paper  was 
washed  with  copious  amounts  ol  deioni/ed  water  followed  by  washing  vviih  acetone  and  air 
dry  ing  The  resultant  dry  solid  w  as  then  heated  to  ,^50  °C  under  dy  namic  vacuum  in  a  siiblimer 
lor  2-3  hours  to  remove  any  volatile  malerial.s.  In  case  of  the  phosphides  and  arsenides,  the 
excess  Gioup  V  clement  readily  sublimes  but  antimony  docs  not  and  remained  as  an  impurity  in 
the  antimonidcs  The  resultant  phosphides  and  arsenides  arc  light  to  dark  brown  whereas  the 
anlimonides  arc  dark  grey  materials  The  yields  of  the  reactions  ranged  from  53-‘^5'3  The 
elemental  analyses  of  these  malcnals  showed  that  desired  lll-V  constituents  were  present  and  the 
halogen  concentrations  were  typically  less  than  OOlbf .  Small  amounts  of  carbon  and  hydrogen 
w  ere  also  delected 


Results  and  Discussion 


The  semiconductor  powders  thus  prtxluccd  were  characten/cd  by  .XRD,  TEM,  EDXA 
and  clcmenlal  analysis.  From  the  .XRD  pallcm.s,  the  approximate  average  particle  si/es  were 
calculated  tt>  be  4-36  nm  using  the  Scherrer  equation  17).  Figure  1  shows  the  XRD  patterns  of 
the  vanous  nanrxirystalline  lll-V  matcnals  synthesized  using  the  new  prrxrcdurc.  Effect  of 
solvent  on  the  resultant  particle  size  is  evident  in  Figures  I A  and  IB.  When  the  aforementioned 
reaction  was  earned  out  with  GaClr  dissolved  in  toluene,  erystallites  of  approximately  36  nm 
average  particle  si/c  resulted.  However,  reaction  of  GaCls  solution  in  diglymc  with  (Na/K)vAs 
in  toluene  resulted  in  approximately  10  nm  GaAs  nanocryslals.  In  .some  of  the  XRD  patterns, 
there  seemed  to  be  a  brttad  hump  near  35  degrees  two-theta  angle.  The  origin  of  this  feature  is 
yet  unknow  n  but  is  likely  to  be  due  to  amorphous  oxides  of  gallium  and  arsenic  as  suggested 
later.  The  elemental  analysis  of  GaAs  powders  indicated  that  there  was  a  slight  excess  of 
gallium  in  the  samples  giving  the  GaiAs  ratio  of  5. 1:4.0.  Fitzmaurice  and  co- workers  [Ic]  and 
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20  (degrees) 


Figure  I.  XRD  Paltems  of  III-V  numK-rvslalline  semiconductors  synthesized  from  the  ne« 
method.  The  approximate  average  particle  size  for  each  specimen  was  calculated  from  the  XRD 
pattern  (A)  36  nm  GaAs  obtained  from  reaction  of  GaCl3  solution  in  toluene  and  (Na/KfjAs  in 
toluene.  For  all  the  other  reactions,  MXr  solutions  in  diglyme  were  allowed  to  react  with 
(Na/KIrE  in  cither  toluenefE  =  P,  As)  or  xylcncfb  =  Sb)  (B)  10  nm  GaAs  obtained  from  GaCl3, 
(C)  1 1  nm  GaP  obtained  from  GaCh.  (D)  35  nm  GaSb  resulted  from  GaClj,  (E)  4  nm  InP 
obtained  from  Inlj,  (F)  1 1  nm  InAs  synihe.si/ed  from  Inlr,  (G)  26  nm  InSb  resulted  from  Inis. 
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Alivisatos  and  co-workers  (laj  have  obscr\cd  similar  excess  of  gallium  (Ga:As  ratio  5:4)  in 
nanocrv'stalline  GaAs  prepared  from  GaCla  and  AsfSiMejXi.  Sandroff  ei  al.  reported  surtacc 
oxidation  of  nanocrystalline  GaAs  exposed  to  air  resulted  in  1-1.5  nm  layers  of  Ga^Oiand 
AS2O3  [8a].  The  surface  oxidation  of  all  the  Ill-V  semiconductors  is  well  documented  and  is  a 
common  phenomenon  (8bl.  The  depth  of  the  layers  of  these  oxides  may  be  quite  significant 
with  decreasing  particle  :t/.e  of  gallium  arsenide.  AssOjis  known  to  sublime  at  193  °C  19|  and 
would  do  so  during  the  vacuum  sublimation  carried  out  at  350  °C  to  remove  excess  arsenic 
This  would  effectively  increase  the  amount  of  gallium  in  the  specimen  relative  to  arsenic.  Figure 
2a  shows  the  fringe  pattern  resulting  from  the  lattice  planes  of  a  7  nm  GaAs  crystallite.  The 
image  was  obtained  on  a  transmission  electron  microscope  (TEM).  Similar  to  GaAs,  the 
reaction  of  GaClj  solution  in  toluene  with  (Na/KjaP  in  toluene  gave  GaP  powder  with 
approximate  average  particle  size  of  21  nm  while  carrying  out  the  same  reaction  using  GaCIi 
solution  in  diglyme  resulted  in  1 1  nm  GaP  nanocrystals  (Figure  1C).  Elemental  analysis  of  a 
typical  GaP  sample  gave  the  Ga;P  ratio  of  1.1;  1.0.  The  XRD  pattern  of  GaSb  synthesized  from 
in  situ  reaction  of  GaClj  solution  in  diglyme  with  (Na/KlaSb  in  xylene  gav  e  35  nm  GaSb 
particles  (Figure  ID).  The  elemental  analysis  of  the  powder  indicated  Ga.Sb  ratio  1.0: 1.0.  The 
reaction  of  Inlj  solution  11;  diglyme  with  (Na/KlsP  in  toluene  resulted  in  approximately  4  nm  InP 
crystallites  as  calculated  from  the  XRD  pattern  (Figure  IE).  The  elemental  analysis  of  a  typical 
InP  sample  thus  synthesized  indicated  ln:P  ratio  to  be  l.Orl.O.  The  Energy  Dispersive  X-Ray 
Analysis  (EDXA)  of  nanocrystalline  InP  is  shown  in  Figure  2b.  In  addition  to  the  signals  due  ti' 
indium  and  phosphorus,  no  other  signals,  including  alkali  metal  or  halide  impurities,  were 
observed.  The  iron  and  cobalt  signals  originated  from  the  TEM  pole  piece  and  the  copper 
signals  onginated  from  the  specimen  grid  were  detected.  Standardlcss  quantitative  elemental 
analysis  indicated  ln:P  ratio  to  be  1:1  within  experimental  error. 


(a)  (b) 

Figure  2.  (a)  TEM  image  of  the  lattice  planes  of  a  7  nm  GaAs  nanocrystal, 
(b)  Energy  Disperstve  X-Ray  Analysis  of  ai^roximately  4  nm  InP  prepared 
from  the  reaction  of  Inis  solution  in  diglyme  with  (Na/K)sP  in  toluene. 
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Dunng  the  InP  synthesis,  it  was  observed  that  the  reactions  involving  stoichiometric 
amounts  of  sodium-potassium  alloy  and  while  phosphorus  led  to  InP  confining  free  indium 
metal  and,  iKcasionally,  indium  and  trace  amounts  of  Inl2  both  were  observed  in  the  XRD 
pattern  besides  the  reflections  due  to  InP.  However,  the  use  of  at  least  30%  excess  white 
phosphorus  for  the  (Na/K)3P  synthesis  consistently  resulted  in  InP  nanocrystals  devoid  of  any 
by-products  due  to  the  reduction  of  Inis.  Employing  less  than  30%  excess  white  phosphorus 
again  resulted  in  the  undesirable  indium  containing  impurities.  An  earlier  report  [10a]  suggested 
that  reactions  involving  stoichiometric  amounts  of  an  alkali  metal  and  phosphorus  gave  products 
containing  less  alkali  metal  than  the  desired  stoichiometric  3: 1  phosphide,  MjP.  This  implies 
that  in  stoichiometric  reactions,  some  alkali  metal  may  remain  unreacted  which  would  reduce 
Inij  leading  to  indium  containing  impurities.  Finely  divided  alkali  metal  is  also  essential  for  the 
formation  of  MjP,  chunks  of  the  metal  are  known  to  cause  incomplete  reactions  leading  to 
complex  polyphosphides  [6].  White  phosphorus  is  light  sensitive  and  readily  transforms  to  the 
red  allotrope  [10b];  thus,  it  is  likely  that  the  white  phosphorus  used  in  our  reactions  may  contain 
an  unknown  amount  of  the  red  allotrope.  However,  a  minimum  of  30%  excess  seemed  to 
provide  sufficient  while  phosphorus  to  form  the  stoichiometric  (Na/KfjP.  In  light  of  the 
preceding  discussion,  the  suggestion  by  Kancr  and  co-workers  [4a]  that  the  reduction  of  In-’*  by 
P’  as  a  leading  cause  for  presence  of  the  free  indium  metal  in  InP  seems  unlikely.  They 
eliminated  indium  containing  by-producLs  by  adding  excess  phosphorus  to  the  reaction  mixture 
containing  NajP  and  Inlj  rather  than  using  excess  phosphorus  for  the  synthesis  of  Na3P. 
Under  their  reaction  conditions  (>600  ”C),  the  possibility  exists  for  the  formation  of  InP  from 
excess  phosphorus  and  indium  resulting  from  the  reduction  of  Inis  as  the  high  temperature 
reaction  of  the  elements  is  known  to  form  InP  at  temperatures  as  low  as  420  °C  111].  However, 
under  our  reaction  conditions  it  is  unlikely  that  any  InP  is  formed  due  to  the  reaction  of  the 
elements. 

InAs  of  approximately  1 1  nm  average  particle  size  was  obtained  from  the  reaction  of  Inl3 
solution  in  diglyme  with  (Na/K)}As  in  toluene  (Figure  IF).  The  XRD  pattern  showed  a  broad 
hump,  likely  to  be  due  to  surface  oxides  present  on  the  nanocrystals  as  a  result  of  the  exposure 
to  air.  The  elemental  analysis  indicated  the  !n:As  ratio  to  be  close  to  3:2.  The  loss  of  arsenic 
from  the  sample  is  probably  due  io  sublimation  of  AS2Pj  which  could  result  due  to  surface 
oxidation  [Sb],  similar  to  the  oxidation  of  air-exposed  GaAs  nanocrystals.  The  XRD  pattern  of 
approximately  26  nm  InSb  resulted  from  the  in  situ  reaction  of  Inis  solution  in  diglyme  with 
(Na/KljSb  suspension  in  xylene  is  shown  in  Figure  IG.  The  elemental  analysis  of  InSb 
showed  the  In:Sb  ratio  to  be  1:1. 

The  role  of  diglyme  is  not  yet  clear,  although  the  fact  that  ether  solvents  form  adducts 
with  Group  III  compounds  is  well  documented  [12].  Group  111  halides,  in  general,  exist  as 
dimers  due  to  the  Lewis  acidity  of  the  Group  III  metal  atom;  however.  Noth  and  co-workers 
reported  that  the  glyme  solvents  tend  to  break  up  the  dimeric  structures  of  these  halides  and  form 
ionic  ciwrdination  complexes  by  expanding  the  coordination  sphere  of  the  metal  center  [13].  It 
seems  resonable  to  suggest  that  these  ionic  complexes  may  play  an  important  role  in  the 
mechanism  to  limit  the  growth  of  particles/clusters  beyond  a  certain  size.  This  aspect  remains  to 
be  investigated.  It  was  also  discovered  that  only  dimeric  Group  III  halides  (GaCls,  Gal3  and 
lnl3)  were  able  to  produce  nanocrystalline  lll-V  compounds.  For  example,  the  oligomeric  InX3 
(X  =  Cl,  Br)  yielded  semiconductors  with  larger  particle  sizes  (22-26  nm  InP).  These  halides 
may  not  form  adducts  readily  with  diglyme  and  this  may  be  a  contributing  factor  to  the  obsened 
particle  sizes. 
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ABSTRACT 

This  study  deals  with  the  initial  oxidation  of  some  .3d  metal  clusters  in  gas  phase.  In  the 
experiments  neutral  metal  clusters  in  a  supersonic  beam  are  made  to  collide  with  one  or  a  few 
oxygen  molecules  in  a  reaction  cell.  The  reaction  products  arc  detected  with  photoionization  and 
mass  spectrometry.  By  comparing  the  abundance  of  unreacted  and  reacted  clusters,  absolute 
sticking  probabilities  (S)  can  be  determined.  Transition  metals  with  open  d  shells,  c.g.  Ni,  have 
high,  almo.st  constant  S  for  O2  on  clusters  containing  more  than  20  atoms.  The  size  evolution  of 
S  for  Cu,  on  the  other  hand,  shows  repeated  minima  and  maxima.  Cluster  sizes  which  have  high 
ionization  potentials  (IPs)  and  closed  electronic  shells,  according  to  the  spherical  jellium  model, 
are  the  ones  with  the  lowest  S.  The  IPs  of  CunOs  clusters  have  al,so  been  investigated.  Compared 
with  the  IPs  of  the  pure  Cu  clusters,  the  IPs  of  the  oxidized  clusters  are  generally  higher  and  the 
large  drops  at  the  shell  openings  are  less  distinct. 


INTRODUCTION 

Today,  ulu-afine  particles  can  be  produced  in  macroscopic  quantities  and  arc  finding  their  way 
into  many  interesting  applications  1 1),  The  technical  development  of  materials  built  up  of  small 
clusters  with  diameters  S  Inm  has,  on  the  other  hand,  not  yet  reached  very  far.  Much  funda¬ 
mental  research  remains  to  be  done  both  on  characterization  of  properties  and  development  of 
production  techniques.  There  is,  however,  no  doubt  that  the  understanding  of  the  physical  and 
chemical  properties  of  clusters  will  be  of  vital  interest  for  many  applied  areas  of  science. 

In  small  clusters  a  comparatively  large  number  of  atoms  are  located  at  the  surface.  Thus, 
properties  governed  by  surface  atoms,  such  as  reactivity,  adhesion,  etc.  are  expected  to  be  even 
more  significant  for  small  clusters  than  for  ultrafinc  particles.  For  many  future  applications  of 
clusters  the  reactivity  towards  oxygen  will  be  of  great  importance,  since  this  will  influence  the 
stability  in  various  environments  and  especially  in  ambient  atmosphere.  In  certain  applications, 
such  as  catalysis,  the  reactivity  will  definitely  he  a  property  that  determines  the  materials 
characteristics  and  performance. 

We  have  recently  started  to  investigate  the  reactive  and  catalytic  properties  of  metal  clusters 
and  in  our  first  experiments  we  have  studied  the  reactivity  and.  especially,  the  initial  oxidation  of 
some  3d  metals  12,31.  The  reactions  have  been  performed  under  single-  collision-like  conditions 
and  by  comparing  the  number  of  reactive  collisions  with  the  total  number  of  collisions  absolute 
.sticking  probabilities  have  been  determined.  This  experiment  is  primarily  a  test  on  the  outcome 
of  a  cluster-molecule  collision,  whether  a  .stable  product  is  formed  or  not.  Another  aspect  of  the 
reactivity  investigations  is  to  characterize  properties  such  as  geometry,  electronic  structure  and 
stability  of  the  product  clusters.  One  way  to  get  a  clue  about  the  electronic  structure  of  neutral 
ctu,ster.s  is  to  measure  the  ionization  potential  (IP)  and  we  have  initiated  such  a  study  on  oxidized 
copper  clusters.  Also  theoretical  calculations  are  made  in  our  group  to  increase  the  understanding 
of  metal  cluster  reactivity  and,  especially,  copper  cluster  oxidation  [4,5]. 


299 

Mat.  Raa.  Soc.  Symp.  Proc.  Vol.  3$1.  >1994  Matarlala  Raaaarch  Society 


In  ihis  paper  we  will  discuss  ihe  oxidation  of  some  iid  metal  clusters  with  focus  on  the 
difference  between  metals  with  open  d  shells,  here  represented  by  Ni,  and  the  coinage  metal  Cu. 
We  will  also  describe  some  preliminary  indications  of  how  the  IP  shifts  upon  oxidation  for  the 
copper  clusters. 

EXPERIMENTAL  METHODS 

The  experimental  set-up  consists  of  two  vacuum  chambers,  one  for  the  production  of  clusters 
and  one  for  the  detection,  as  shown  in  fig.  I.  A  pulsed  beam  of  neutral  clusters  in  He  carrier  gas 
is  produced  in  a  laser  vaporization  source.  Each  pulse  contains  a  wide  size  distribution  of  metal 
clusters,  ranging  from  individual  atoms  to  clusters  of  several  hundred  atoms.  The  cluster  beam 
enters  the  second  chamber  through  a  I  mm  diameter  skimmer  and  then  passes  through  a  50  mm 
long  reaction  cell.  A  reactive  gas  is  leaked  through  the  gas  cell  to  keep  a  pressure  of  10  -  10  - 
mbar  in  the  cell,  and  due  to  the  small  apertures  (1  mm  diameter)  a  pressure  ratio  of  >  KXK)  can 
be  maintained  between  the  cell  and  the  surrounding  chamber.  The  number  of  collisions  experien¬ 
ced  by  the  clusters  in  the  reaction  cell  is  Poisson  distributed,  with  an  average  ranging  from  le.ss 
than  one  up  to  ten  in  this  pressure  interval.  Finally,  the  clusters  arc  ionized  with  puLsed  la.ser 
light  of  low  intensity  and  short  wavelength  (-0..')  mj/cm^  at  IW  nm)  and  delected  in  .->  linear 
time-of-flight  mass  spectrometer. 

In  the  mass  spectra  peaks  appear  for  all  cluster  sizes  as  well  as  for  all  reaction  products,  as  can 
be  .seen  in  fig.  2.  Thus,  the  relative  abundance  of  pure  and  reacted  clusters  can  be  determined  for 
each  reaction  cell  pressure.  Using  a  hard  sphere  mcdcl  for  the  molecules  and  clusters,  the 
average  number  of  collisions  can  be  determined  for  every  cell  pressure,  i.  e.  for  every  average 
number  of  collision.s.  Now  the  product  abundance  vs.  number  of  collision  data  can  be  fitted  to  a 
first-order  kinetic  model  with  the  .sticking  probabilities  (S)  as  fitting  parameters.  The  kinetic 
model  involves  the  successive  addition  reactions;  Mn  +  O2  ->  Mn02.  Mn02  -f  O2  ->  MnOa  etc. 
and.  in  principle,  the  sticking  probability  of  also  the  second,  third  etc.  molecule  could  be  deter¬ 
mined. 


Rg.  1 .  The  experimental  set-up;  cluster  source,  reaction  cell  and  time-of-flighl  mass  spectrometer. 
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20  2S  -iO  35  40  4'-^ 

Number  of  Cu  atoms  tn  ihe  cluster 


Kig  2  Mass  spccira  of  Cu  clusfers  of  size  15-45.  ITic  lop  spectrum  has  been  rccordei)  wntioui  oxygen  in  the 
reaciion  cell.  The  lower  speclrum  has  been  recorded  al  an  oxygen  prc.ssurc  of  1..5  10'  '  mbar 

In  the  cgpeninents  tor  measuring  the  ionization  potentia>.s  of  copper  oxides  a  con.sianl  oxygen 
pressure  of  1.5- 10  '  mbar  was  maintained  in  the  reaciion  cell  to  produce  a  rea.sonable  fraction  of 
Cun02  products,  but  still  very  few  CunOa.  Actually,  we  cannot  include  the  CunOa  in  the  evalua¬ 
tion,  neither  in  reactivity  nor  in  IP  determinations,  because  of  a  mass  interference  with  Cun+i 

Two  lasers  were  used  for  ionization.  The  frequency  doubled  light  from  a  tuneable  dye  laser 
was  used  to  measure  the  photoionization  efficiency  in  the  206-240  nm  wavelength  region, 
corresponding  to  photon  energies  of  5.2-6.0  eV.  For  normalization  of  these  measurements  mass 
spectra  were  simultaneously  recorded  using  the  193  nm  light  from  the  ArF  excimer  laser.  The 
two  lasers  were  tired  alternating  on  every  other  cluster  pulse,  and  the  signals  were  accordingly 
switched  into  one  of  the  two  channels  of  a  digital  storage  oscilloscope.  Mass  spectra  were 
recorded  at  1  or  0.5  nm  wavelength  intervals  and  by  dividing  the  peak  intensities  in  the  dye  laser 
spectrum  with  the  intensities  in  the  corresponding  excimer  laser  spectrum,  the  relative  photo¬ 
ionization  cross  .section  at  that  wavelength  could  be  determined  for  each  Cun02  as  well  as  each 
Cun  cluster. 


RESULTS  AND  DISCUSSION 

In  the  way  described  above  the  reactivity  of  various  transition  and  noble  metal  clusters  (Fe, 
Co,  Ni,  and  Cu)  towards  Oz  has  been  studied.  Fig.  3  shows  the  sticking  probabilities  for  the  first 
oxygen  molecule  on  Nin  and  Cun.  Nin  shows  a  rather  simple  S  vs  n  dependence  with  an  almo.st 
monotone  increase  as  n  goes  from  10  to  20  and  then  S  seems  to  be  constant  for  n>20.  Here  S  is 
not  shown  for  n>30.  but  the  trend  is  definitely  that  S>^.5  also  for  llie  larger  clusters.  Qualitative¬ 
ly  the  same  size  dependence  has  been  observed  for  the  O2  sticking  on  Fen  and  Con  (3],  but  the.se 
metals  have  a  somewhat  higher  S  for  the  larger  cluster  sizes:  0.7  and  1.0,  respectively.  The  O2 
sticking  on  Cun  is  distinctly  different  both  quantitatively  and  qualitatively.  There  are  repeated 
maxima  and  minima  in  the  S  vs.  n  curve  and  even  the  most  reactive  sizes  have  S<0.25. 
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Mg.  3  Slicking  pnbahiliiics  of  oxygen  molecule.s  on  Ni„  (Icfl)  and  Cun  (righi)  ITie  enor  esiimaie  for  tiic  siitkitig 
probability  is  ±  0  OS 

These  results  show  that  the  oxygen  reactivity  is  very  much  dependent  on  the  electronic  struc¬ 
ture  of  the  metal  clusters.  Bulk  surfaces  of  Ni  and  other  metals  with  unfilled  d  electron  bands 
have  high  initial  sticking  probabilities  for  O2,  usually  S=0.5- 1 .0.  and  form  strong  metal  oxygen 
bonds  [61.  This  seems  to  be  the  case  also  for  transition  metal  clusters,  at  least  if  the  clusters 
contain  20  atoms  or  more.  Smaller  clu.stcrs  may  appear  less  reactive  in  this  type  of  experiment, 
where  no  buffer  gas  is  present  in  the  reaction  cell  to  thermalize  the  reaction  products.  Smaller 
clusters  with  fewer  vibrational  degrees  of  freedom  will  then  have  a  lower  ability  to  form  stable 
oxide  products.  Another  possible  explanation  is  that  the  oxidation  involves  electron  transfer  from 
the  cluster  to  the  oxygen  and  since  smaller  clusters  often  have  higher  IPs  they  might  lie  less 
reactive.  However,  the  latter  does  not  fit  very  well  for  Nip  since  the  IPs  show  very  little  variation 
for  n=  1 1-22  [71. 

The  electronic  properties  of  bulk  Cu  is  dominated  by  the  4s  valence  electrons,  and  this  is 
definitely  the  case  also  for  Cu  clusters.  The  size  dependence  of  .several  measured  properties,  such 
as  stability  (8),  ionization  potentials  [9],  electron  affinities  and  photoclectron  spectra  [  10.1 1),  has 
shown  that  the  Cu  clusters  can  be  well  described  by  the  jellium  model.  In  this  model  [12.13)  the 
valence  electrons,  one  4s  electron  per  Cu  atom,  are  delocalized  over  the  cluster  and  the  positive 
charge  of  the  remaining  ionic  cores  is  modeled  to  constitute  a  uniform  potential  for  the  dekK'aliz- 
ed  electrons.  In  this  potential  well  there  will  be  quantized  electronic  levels  ordered  in  shells. 
Closed  shells  are  predicted  to  appear  for  clusters  with  8.  18,  20,  34,  40.  58.  etc.  electrons  and 
clusters  with  this  number  of  electrons  are  found  to  be  more  stable  or  to  have  a  higher  electron 
binding  energy.  This  corresponds  very  well  with  the  measured  S  for  O2.  Local  minima  in  S 
appear  for  clusters  having  closed  shells  and/or  local  maxima  in  IP.  High  reactivity  is  regained  at 
a  few  sizes  above  a  closed  shell,  which  might  indicate  that  more  than  one  Cu  4s  electron  is 
needed  for  efficiently  binding  an  O2  molecule.  The  low  oxygen  reactivity  for  clusters  with 
closed  electronic  .shells  has  earlier  been  observed  for  Cun[14j  as  well  as  for  AIn[I5]  and  Nan[  161. 

After  seeing  that  the  jelUum  model  quite  well  describes  several  properties  of  the  copper 
clusters,  including  the  O2  reactivity,  the  next  question  is  what  the  electronic  structure  of  the 
copper  oxide  reaction  products  will  be  like.  We  have  started  to  measure  the  relative  photoion¬ 
ization  cross  sections  for  Cun02.  The  analysis  work  is  in  progress  and  the  assigned  IP  values 
will  be  published  elsewhere  [17).  Here  we  will  describe  the  general  trends  and  compare  the  IPs 
of  the  Cun02  with  the  IPs  of  the  pure  Cu  clusters  for  n=l9-48.  The  IPs  of  Cun  [9]  are  character¬ 
ized  by  the  large  drops  in  the  IP  at  the  shell  openings,  but  also  by  an  even-odd  variation  over 
wide  size  ranges.  The  latter  is  thought  to  he  an  effect  of  that  clusters  without  clo.sed  shells  may 
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be  dofermcd  lo  an  ellipsoidal  shape.  Energy  levels  that  are  degenerate  in  a  spherical  symmetry 
are  then  splilted  into  two-eleclron  levels  in  a  geometrically  deformed  cluster. 

For  the  Cun02  there  are  no  obvious  shell  openings  (i.e.  a  local  maximum  in  the  IP  followed 
by  a  local  minimum  for  the  next  si^e)  but  the  even-odd  variation  is  significant  throughout  the 
studied  size  region.  This  indicates  that  in  the  Cun02.  as  well  as  in  the  Cun.  there  is  a  number  of 
delocalized  electrons  populating  two-electron  orbitals.  On  the  other  hand,  the  absolute  number  of 
delocalized  electrons  is  difficult  to  determine,  since  there  is  no  obvious  shell  structure  pointing 
out  clusters  with  20/21.  34/.15  or  40/41  electrons.  Thus,  a  definite  number  for  the  charge  transfer 
in  the  CunOs  formation  is  not  possible  to  determine  only  from  this  IP  measurement. 

Fi..  ui05t  clusters  in  this  sWe  range  the  IP  incrca.scs  upon  oxidation  with  an  average  shift  of 
0. 1-0.2  eV.  Only  for  a  few  cluster  sizes  the  IP  is  maintained  or  even  lowered.  This  is  the  case  for 
clusters  with  clo.scd  electronic  shells  and  specifically  high  IP  as  pure  clusters,  e.  g.  for  n=34,  40. 
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FOKMATION  AND  PROPERTIES  OF  SILANE  MONOLAYERS  ON 
IRON  AND  ALUMINUM  SURFACES, 


Maxim  A.  Petrimln  anr*  Andrey  P.  Nazarov, 

Institute  of  Physical  Chemistry,  Russian  Academy  of  Sciences,  31 
Lenlnsky  prosp. ,  Moscow  117015,  Russia. 


ABSTRACT 

The  adaorption  of  ethoxysilaneB  RSl(OEt)^  on  the  *6  and  A1 

BurfaoeB  from  the  vapor  phase,  water  and  toluene  Bolutiona  was 
studied  by  the  piezoquartz  nanobalanoe  and  ellypsometiv.  The 
values  of  the  "landing  sites"  and  the  energy  of  the  interaction 
for  different  silanes  were  oaloulated.  The  Belf-asBembltng  silane 
monolayers  with  good  adhesion  to  the  A1  surfaoe  (due  to  the 
oovalent  bonds  AI-O-Sl)  was  shown  to  format  during  adsorption 
from  dilute  water  solution.  The  influence  of  silane  monolayers  cn 
the  H2O  adsorption  and  wetting  of  the  surface  was  studied.  The 

silane  layers  have  considerably  hydrophobic  effect  and  prevent 
the  growth  of  hydroxide  film  on  the  Al.  The  synthesis  of  charged 
silane  nanophases  was  carried  out  by  the  addition  of  the  acid 
(sulfo-,  imididiaoetate- )  and  the  basic  (amino-)  groups  into  the 
epoxysilane  molecule.  The  effect  of  the  charge  density  and  the 
surface  potential  on  the  ion  adsorption  at  the  interface 
netal/electrolyte  was  investigated. 

INTRODUCTION 

Organic  silanes  have  found  wide  use  as  promoters  of  the  adhesion 
and  water  resistance  of  polymer  coatings  on  mineral  substrata 
[1].  However,  despite  the  intensive  studies  the  mechanism  of  the 
silane  adsorption,  the  structure  and  properties  of  the  surface 
compounds  forming  during  modification  of  metals  and  the 
interphase  bonds  nature  are  still  not  clear.  The  presence  of 
silane  nanophases  on  metal  surfaces  m^  considerably  change  the 
properties  of  surface.  Surfaces  of  oxide  metals  may  be  modified 
with  monolayers  of  silanes  to  mahe  them  hydrophobic  or 
hydrophilic;  and  neutral,  cationic,  or  anionic.  Thus,  the  use  of 
silanes  of  different  structure  allows  to  control  the  physical 
chemical  processes  occurred  on  the  metal  surfaoe.  Such  control 
should  be  useful  for  the  development  of  surface  chemistry, 
gas-liquid  chromatography,  theoi7  of  heterogeneoius  catalysis  etc. 
In  addition,  the  electrochemistry  of  metals  with  attached  thin 
organosilioon  films  is  a  perspective  direction  of  a  surface 
chemistry  as  the  application  thin  siloxane  layers  with  ionic 
groups  changes  the  double  electric  layer  stiwiture  and  character 
of  interface  interactions  [2].  The  goal  of  the  present  woiii  was  a 
study  of  the  mechanism  of  the  formation  of  silane  monolayers  on 
the  Al  and  Fe  surfaces  (includliu  the  synthesis  of  charged  silane 
nanophases)  and  influence  of  silane  films  on  physical  chemical 
processes  at  the  interfaces  metal-gas  and  metal -electrolyte. 

EXPERIMENTAL  PROCEDURE 

The  adsorption  of  silanes  on  the  Al  surfaoe  was  studied  by  the 
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piezoquartz  nanobalanoe  [3]  and  ellTpBometry  teohniqueB.  A  vaouum 
oell  for  thlB  experloents  was  used.  A  100  no  thlok  A1  (A999. 
pure)  and  Fe  (pure)  fllnia  were  deposited  by  tbennal  sputtering  on 
the„  quarto  surfaoe.  IThe  oijrrenoy  of  the  mass  oeasurementB  was 
10  ^  g/ooT,  "The  true  surfaoe  area"  of  the  metal  was  measured  by 
the  use  of  the  BST  method  [4l  and  It  was  taken  into  aooount  in 
eaoh  of  the  experiments. 

£leotreohemioal  experiments  were  made  by  the  potentlodynaoiio 
method  with  the  potential  sweep  speed  equal  to  1  mV/seo. 

The  trimethylethoxysilane  ((^)g-Si(002Hij)  (MS)  and 

triethoxysilanes  of  struoture  fonmila  RSi(Gfn)^,  Where  R: 

CH2=ai-(VS).  CgHg-  (1>S),1H2((B2)3~  0^-^^^3820(012)3- 

(OPS),  (((^)3-ffl(Ci^)23-  (DA).  J"I(C^)3R+(0^)3)-  (TA). 

(OH2000H)2M»2-(»(CH)-CH2-0-((ffl2>3-  (“C),  0^^-  (ootil), 

S0^082-OH(OH)-08^-0-(OH2)3-  (SUL)  were  used. 

RESULTS  AMD  OISCUSSIOM 

The  piezoquartz  nanobadanoe  study  of  adsorption  of  silanes  on 
A1  from  a  vapor  phase  has  shown  both  reversible  and  Irreversible 
adsorption  for  mono-  (MS)  and  triethoxysilanes  (TS,  PS,  APS). 
Alkoxysllanes  are  physioally  adsorbed  on  the  aluminum  surface  as 
1.4-3  mono  layers  (MB  -  3,  VS  -  3,  APS  -  1.5,  PS  -  1.4  mono 
layer).  The  amount  of  the  Irreversible  adsorbed  silane  in  all  the 
oases  is  about  one  statistio  mono  layer.  The  adsorption  isotherms 
of  silanes  are  desoribed  by  the  Ton^iir  and  BET  equations.  The 
values  of  the  "landing  sites"  of  silane  moleoules  (S>  have  been 
oaloulated  (Table  I).  There  is  the  vertioal  looation  for  APS  and 
MS.  The  relatively  hi^  values  S  for  VS  and  PS  may  point  to  their 
plane  orientation  wlw  regard  to  the  metal  due  to  additional 
Interaotions  of  the  organlo  radloals  with  the  surface. 


Table  I.  Values  of  the  "landing  sites"  and  the  adsorption  heats 
of  the  ethoxysilane  moleoules. 


Idaortate 

1 

S.  nm~/mol 

^Adsox^tion  heat' 

BST  eouatlon 

Lanomiipe  eon. 

1  kkal/mol  , 

1 

vs 

0.77 

0.65 

1""  “  "  1 
1-75 

APS 

0.40 

0.35 

2.31 

PS 

0.94 

0.52 

1 .86 

MS 

0.33 

0.31 

1.66 

Aooording  to  the  BST  equation  [4]  the  energy  of  interaction  of 
adsorbate  with  the  surfaoe  was  evaluated  (Table  I).  The  low 
adsorption  heat  values  indioate  the  presenoe  of  weak 
Van-der-Vaals  interaotions  (of  H-bonds),  arising  during 
adsorption  of  silanes  on  the  aluminimi  from  the  vapor  phase. 

We  have  investigated  the  effect  of  ^2®ada  on  the  interaotions 

between  surface  and  silane  molecules  during  adsorption.  For  this, 
A1  sputtered  on  piezoquartz  was  kept  in  ^0  vapour  (at  different 

humidities).  Then  the  physically  adsorbed  water  was  removed,  and 
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Ftg.  1.  IsQther«*  of  Irreversible  edsorpilon  of  MS 
prellelnary  kept  In  H_0  vapour  for  P>T>^u  o*  1-0;  2-0.1; 
3-0.2;  4-0.  S.  ^ 


Ftg.  2.  Isotheras  of  adsorption  of  silanes  on  A1  from 
solution  1-VS.  2-APS,  3-IC5.  4-PS. 


on  41 


water 


the  adsoz^tion  of  silanes  was  tneasured.  It  was  established  that 
the  preliminaiy  adsorption  of  small  quantities  of  water 
(p/PoHgO  =0.1 )  decreases  appreoiabljr  adsorption  of  MS  (Fi^*  1 )  s“id 


7S.  This  effect  may  be  due  to  the  blooking  of  active  adBoiT>tion 
places  of  the  surface  by  water.  Increasing  the  water  content  in 
the  range  of  p/p^g^Q=0.2-0.5  led  to  a  proportional  increase  in 

the  amount  of  adsorbed  silane.  In  the  case  of  excess  of  ®2®ads 


(75-100*  humidity)  VS  and  APS  during  adsorption  destroy  the 
structure  of  the  phase  film  of  water  on  the  surface  and  displace 
®2°adB  to  the  vapor  phase. 

The  experiments  have  shown,  that  a  necessary  condition  of  the 
formation  of  the  covalent  bonding  of  silane  molecules  with  the 
surface  (Al-O-Sl  bonds)  is  the  presence  of  ■  One  may 

suppose  that  the  mechanism  of  silane  ohemisorbtion  includes 
hydrolysis  to  form  sllanol:  CBtO)gSiR  *  82^  (OH)gSiB  (1), 

and  the  oondensation  with  hydroxyl  groins  of  the  surface: 
ail-OH  ♦  (OB)gSlB - *  =Al-0-SiT«>2R  +  HgO  (2). 

The  increase  in  the  aoiount  of  adsorbed  water  leads  to  an  rise  in 
the  surface  conoentratlon  of  silanol  molecules  and  consequently, 
in  the  amount  of  the  cbemlsorbate.  Voleoules  silane  displaces 
water  from  the  surface  during  ooiqpeting  adsorption.  That  is 
conflimed  by  the  experiments  on  the  study  of  water  adsorption  on 
the  sllyl-coated  metal  surface.  It  was  shown  by  the  piezoquartz 
nanobalanoe  that  vinyl-  and  methyl-siloxane  films  decrease  the 
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adBoiTtion  of  water  by  a  faotor  of  3  with,  regard  to  vaunodified 
aluminum.  No  water  oondenaation  ooourred  on  Iron  Burfaoea  with 
ordered  Lananuir-Blodgett  eiloxane  films  at  100*  humidity. 

The  studies  of  the  silane  adsoirtion  on  the  A1  and  Fe  surfaoes 
from  solution  were  oarrled  out.  It  was  established  by  means  of 
ellypsometry  that  YS  adsorbed  on  the  surface  of  A1  and  Fe  as  a 
polymoleoular  layer  with  thiokness  about  20  nm  both  from  toluene 
and  water  solution.  A  quartz  nanobalanoe  study  showed  (Tig.  2) 
that  during  adsorption  in  aqueous  solutions  the  ooverage  of 
surface  annve  at  10,  5  and  3  molecular  layers  for  VS,  PS  and  APS 
respectively.  The  first  monolayer  is  covalently  bonded  with  A1 
surface  (Al-O-Sl  bonds).  On  other  hand,  GPS  has  adsorbed  on  the 
aluminum  surface  with  surface  2<3ooupancy  being  close  to  a 
monolayer  (from  0.4  to  3.3  mol/nm'^  as  the  GPS  concentration  from 
increased  from  9  to  5  mM).  Then  surface  occupancy  did  not 
change  (up  to  50  mM.  MS,  incapable  of  the  reaction  of 
polyoondensation,  is  adsorbed  on  metal  as  a  monolayer. 

In  order  to  evaluate  the  stability  and  the  adhesion  of  silane 
layers  on  aluminum  surface,  the  interactions  at  the  interface 
aluminum/water  have  been  studied.  One  monolayer  silane  was 
chemisorbed  on  the  aluminum  surface,  after  that  it  was  kept  in 
distilled  water,  and  the  hydration  rate  of  Al20^  was  evaluated 

(Pig.3)-  The  data  obtained  indicate  that  the  presence  of 
monolayer  of  chemisorbed  silane  can  decrease  by  1 .5-2  times  the 
rate  of  interaction  between  the  aluminum  and  water.  According  to 
the  degree  of  the  hydration  inhibition  of  the  oxide  film  the 
silanes  may  be  arranged  in  the  following  series  :VS>PS>APS>MS. 

Thus,  silane  self  assembling  monolayei^s  with  good  adhesion  to 
the  aluminum  and  iron  surfaces  (due.  to  the  covalent  bonds 
Me-O-Sl)  form  during  adsorption  from  dilute  water  solution.  The 
silane  during  chemisorption  destroys  the  phase  water  film  or  the 
metal  siu’faoe,  forms  stable  surface  layer  haviM  considerably 
hydrophobic  effect,  and  prevents  the  hydration  of  £20^* 

The  pimsence  of  silane  layers  may  change  the  charge  of  metal 
surface.  The  charge  of  a  nonmodified  aluminum  surface  iin  aqueus 
media  is  determined  by  the  equilibria  12]; 

l-Al+CHj  *=»  AlCH  +  H+  (3);  ]-A10H  +  («"*=*  AlO"  +  H*  (4) 

For  solution  pH  below  the  isoelectric  point  (IEPS*8.5)  the 
Bwfaoe  is  positively  charged. 

The  formation  on  the  surface  siloxane  layers  leads  to  the 
changing  of  sign  or  density  of  charge  in  dependanoe  of  nature  of 
silane  [2].  To  control  surface  charge  densities  we  modified 
surfaces  of  A1  by  silanes  with  ionogenio  groups.  The  charge  of 
the  silane  molecules  was  ohanMd  by  opening  the  ozyrane  cycle  in 
GPS  to  form  sulfate-,  iminodiaoetate-  and  quartemary  anraonium 
groups.  The  experimental  occupancy  of  surface  by  a  silane  was 
evaluated  by  quartz  balance  and  ellypoometry  (Table  II).  The 
charge  of  the  modified  surface  is  determined  by  the  equilibria: 

]-0-S1(OH)2HR  +  ^0  ]-0-S1(OH)2-8-SO^"+  H3O*;  pk^=*  (5) 

pKK4.  a  XS^  OQO  ** 
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rig.  3.  Kinetic  of  hydration  of  oxide  film  on  A1  aodlfled  by 
silanes  Cl  aonolayer  froa  vapour  phasel  in  distilled  water.  1.- 
al;  2.-  MS;  3.-  APS;  A.  -  VS;  S. -PS. 

Fig.  A.  Anodic  polarization  cwves  of  Cll  A1  and  A1  Modified  bv 
C2)  SUL,C3)  IDA.  CO  DA,  CSl  TA  and  CS)  GPS  In  0.  IM  MaCl 
solution,  l-3,S,a  -  pH  10.1;  A  -  pH  0.1.. 

]-CB1(0H)2R'"HH(C2H5)2:;±  l-OSi(OH)2R'H(C2H5)2+  *;  (7) 

]-O-Sl(0II)2lW(02®5'2®y^  te====»)-^l{0H)2R-ir(C2H5)CH3  +  T  (8) 

wbere  R  =  (082)3-0-082(9(08)082;  R  =  Clt  I.  It  is  evidenoe  that 

the  metal  eurfaoe  may  be  charged  both  positively  and  negatively 
by  changing  a  silane  structure  and  pH  of  solution.  Charge  density 
will  be  determined  by  the  coverage  of  surface  by  silane. 

We  was  studied  electrochemical  behavior  of  A1  with  grafted 
slloxane  layers.  Anodic  polarization  curves  were  obtained  (Fig 
4).  The  surface  of  A1  covers  ^  passive  film  under  usual 
conditions.  In  the  presence  of  01  ions  in  baolcground  solution 
the  aluminum  dissolves  anodioally  on  the  local  mechanism  with 
breakdown  of  passivity  (depasslvation)  through  some  small  active 
parts  of  eurfaoe  (so  called  pits).  The  process  local  dissolution 
is  often  called  a  pitting  formation.  The  basic  value 
characterized  the  pitting  foreiatlon  on  a  metal  is  the  critical 
potential  of  pitting  formation  (B>).  ^  is  a  potential  at  which 
the  pits  begin  to  form  on  a  metal  surface.  We  have  determined  & 
magnitiuieB  for  all  of  silane  used.  Fotentiodynamic  polarization 
curves  (Fig. 4)  show  that  adsorption  of  OPS  containing  no 
lon-generati^  groups  Inoreases  aluminum-anodic  polarizability 
(the  inhibition  of  pitting  formation).  The  introduction  of 
sulfate  or  Imlnodlaoetate  groups  into  silane  radical  amplifies 
this  effect,  whereas  amino  and  aoiDonium  radicals  stimulate 
electrode  depasslvation. 

In  neutral  and  weakly  alkaline  electrolytes  the  surface  has 
the  properties  of  anlon-ezohai^rs. There  is  conpeting  adsorption 
between  Cl  depasslvator  anion  and  some  inhibitor  ion  on 
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anlon-ezohange  centers  H-a^.  The  presence  of  negatively  charged 

groups  changes  the  sign  of  the  surface  charge  from  the  positive 
to  negative  one.  The  latter  leads  to  a  decrease  of  the  surface 
activity  of  01~  (Bq.  9)  and  an  increase  of  5>  (Bq.  10) 

KS/na 


^  Aly'AlCH 


T)^^10),where 


the 


exp(-BR|)*/RT)  (9)1  — - “<=1  _ 

a^i^-  are  a  surface  and  bulk  activity  of  Cl  , 
tandard  potential  of  fonnatlon  AlCl^i  T)^^- 

overvoltage  of  a  pitting  formation,  surface  potential,  T  - 

teiqperatTire ,  R,  T  -constant.  The  increase  in  the  positive  charge 
leads  to  an  increase  in  the  sorption  properties  on  the  surface 
and  a  decrease  of  a>.  Substitution  of  Bq.9  into  10  elucidates  the 
dependencies  of  the  &>  from  the  surface  potential:  -blip'  (ID- 

ABp  is  a  difference  between  S>  of  modified  and  unmodified  M,  We 

have  calculated  the  charge  generated  on  the  metal  surface  by 
different  silozane  layers  (Table  II).  Based  on  charged  densities 
one  may  calculate  the  potential  (<J)' )  in  the  adsorbed  charges . 
Because  specific  interactions  is  mostly  absent  between 
Ion-generating  silane  radicals  and  eleotrolyte  ions,  we  used  the 
Goui-Chapmen  model  for  calculating.  ())'  potential  in  the  model  is 
determined  by  the  surface  charm: 

<1)'  -  2RI/Farc8h[q/2A(a^j-)‘'^  J  (12),  where  A=  (ERt/2ic)‘''* 

the  dielectric  constant  and  q  is  the  charge  density 
The  theoretical  values  of  (j)' -potential  and  ezperimental  ^  is 

a  good  agreement  (Table  II).  Some  deviations  deals  with  the 
defects  in  the  adsorption  silane  layers. 

Thus,  the  formation  of  silozane  monolayers  with  ion-generated 
group  in  organic  radicals  allows  to  control  effectively 
electroohemlcslprooeBBeB  at  the  interface  Al/eleotrolyte. 


8  xs 
(C/m^). 


Table  II.  The  values  of  surface  occupancy,  calculated  surface 
charge  and  potential,  and  ezperimental  'Bp  for  various  silanes. 


- 1 - 1 - p~i - 5 — I - 1 - 

Sllan  pH  6,mDl/nm  q,C/m  A(|),  mY  ABp,  mY 


I - 

SUL 

^ - 1- 

10.1 

3.183 

— 1 - 

-0.8 

- 1 

-0.194 

1 - 1 

0.17 

IDA 

10.1 

5.73 

-0.91 

-0.2 

0.172 

DA 

6.1 

2.9 

0.42 

0.16 

-0.08 

.  TA 

1  10r1  1 

3.01 

.  0.48 

— J _ 

0.167  , 

,  -0.11 
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MAGNCnC  PROPERTIES  OF  NANOSIZE  IRON  CLUSTERS 
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Sandia  National  Laboratories,  MS  0345,  Albuquerque,  NM  87185-0345 

ABSTRACT 

Isolated,  monodisperse  a-Fe  clusters  between  1 ,4  and  15  nm  in  diameter  were  prepared  inside 
inverse  micelles  using  an  oil-continuous,  nonaqueous  system.  The  magnetic  properties  of  these 
clusters  were  studied  in  a  SQUID  magnetometer  as  a  function  of  cluster  size,  temperature  and 
applied  magnetic  field.  The  blocking  temperature,  coercive  field  and  remanent  moment  of  12.5 
nm  Fe  clusters  in  inverse  micelles  are  significantly  lower  than  those  reported  for  clusters  of 
similar  a-Fe  core  size  but  with  a  surface  oxide.  The  novel  synthesis  technique  may  yield 
metallic  clusters  with  essentially  intrinsic  mt^netic  properties. 

INTRODUCTION 

The  properties  of  nm-sized  magnetic  particles  have  been  studied  both  experimentally  and 
theoretically  for  more  than  sixty  years.JMI  Interest  in  these  materials  has  remained  high 
because  of  their  use  in  numerous  practical  applications  in  catalysis,  magnetic  recording,  magnetic 
fluids  and  permanent  magnets.  In  addition,  there  are  fundamental  research  questions  concerning 
the  development  of  long-range  magnetic  order  and  associated  hysteretic  properties  such  as 
coercivity  and  remanence  as  the  cluster  size  increases  from  a  few  atoms  with  all  atoms  at  the 
surface  to  a  large  cluster  with  predominantly  interior  atoms. 

Cluster  synthesis  and  experimental  handling  play  crucial  roles  in  understanding  the  magnetic 
properties,  particularly  in  separating  the  intrinsic  properties  from  the  effects  of  a  surface  layer 
|5-8|  (such  as  a  thin  oxide  shell)  or  particle-particle  interactions  due  to  agglomeration  18|.  Here, 
we  report  initial  studies  on  the  magnetic  properties  of  OrFe  clusters  prepared  by  a  novel  synthesis 
technique  which  yields  monodisperse  particles  and,  we  believe,  mitigates  both  surface  layer  and 
agglomeration  effects.  Following  are  synthesis,  microscopy  and  experimental  details, 
presentation  of  the  magnetic  properties  and  concluding  remarks  placing  our  results  in  context. 

EXPERIMENTAL  DETAILS 

Size-selected  nanosize  Fe  clusters  were  grown  by  a  process  which  is  described  in  detail 
elsewhere. |9-1 11  Controlled  nucleation  and  growth  of  metal  clusters  occurs  in  the  interior  of 
surfactant  aggregates  called  inverse  micelles.  In  our  process  an  ionic  salt  (e.g..  FeClj)  is 
dissolved  in  the  hydrophilic  interior  of  the  micelles  while  the  surrounding  continuous  hydrophobic 
oil  limits  nucleation  and  growth  to  the  micelle  interior  volume.  We  emphasize  that  the  anhydrous 
salt  is  dissolved  to  form  a  transparent  ’ionk:*  solution  but  with  a  complete  absence  of  water;  in 
a  sense  the  salt  is  "hydrated"  by  the  micelle.  The  absence  of  water  allows  extremely  novel  and 
aggressive  chemistry  to  be  used  in  the  reduction  and  growth  process. |9, 10]  Encapsulation  of  the 
ionic  salt  solely  in  the  micelle  interior  ensures  spatial  homogeneity  during  the  nucleation  process 
while  the  growth  kinetics  are  determined  by  the  rate  of  reduction  of  the  metal  salt  and  the 
diffusion  of  the  micelles  themselves  (not  the  Fe  atoms!).  In  this  sense  our  synthetic  method  for 
size-selected  clusters  is  fundamentally  different  than  other  cluster  growth  processes  which  occur 
in  a  continuous  medium  (e.g.,  gas  or  liquid  phase  growth)  and  which  for  fundamental  reasons 
result  in  a  power-law  (i.e.,  log-normal)  cluster  size  distribution. 
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Three  conditions  can  be  used  to  control  the  final  cluster  size;  the  micelle  size,  intermicellar 
interactions  (e.g.,  phase  boundaries  which  determine  micelle  diffusion  rates)  and  reaction 
chemistry.  To  provide  a  constant  magnetic  background  independent  of  cluster  size,  we  have 
employed  a  single  type  of  surfactant  and  solvent  and  varied  the  reduction  chemistry  to  control 
the  final  iron  cluster  size  for  the  experiments  described  here.  We  varied  the  strength  of  the 
nonaqueous  reducing  agents  used  to  reduce  the  Fe(IH)  to  Fe(0)  so  that  the  most  rapid  reduction 
kinetics  produced  the  smallest  final  iron  clusters.  Size-selected  Ct-Fe  metallic  clusters  with 
diameters  between  1.4  and  15  nm  were  produced.  Spectroscopy  was  used  to  demonstrate  100% 
reduction  of  the  Fe(III)  to  the  final  Fe(0)  cluster  form.illl 

All  reactions  took  place  m  anaerobic  conditions  in  a  Vacuum  Atmospheres  dry  box  with 
continuous  oxygeii  and  moisture  removal  and  appropriate  sensors.  Typical  oxygen  levels  were 
0.1  to  1  ppm  and  moisture  levels  were  0.5  to  3  ppm  in  the  dry  box.  All  solvents  and  surfactants 
used  were  hplc  grade  and  were  completely  dust  free.  The  latter  is  critical  to  prevent 
inhomogeneous  nucleation.  Magnetization  samples  were  weighed  to  determine  total  iron 
concentration  and  transferred  to  capped  NMR  tubes  in  the  dry  box  to  minimize  oxygen 
exposure.  The  capped  tubes  were  then  removed  from  the  dry  box  and  transferred  to  the 
commercial  SQUID  magnetometer  (Quantum  Design  MPMS)  for  magnetic  characterization. 

The  inverse  micelle  system  used  in  these  experiments  was  DTAC  (dodecyltrimethyl 
ammonium  chloride)  in  hexadecane  with  hexanol  used  as  a  cosurfactant.  Previous  small-angle 
neutron  scattering  (9]  has  shown  that  this  system  provides  stable  growth  in  the  cluster  size  range 
of  1  to  -18  nm  which  was  well  suited  to  the  present  investigation.  After  growth  occurs,  the 
resulting  clusters  are  fully  dispersed  and  stable  in  a  variety  of  oils  and  their  magnetic  properties 
may  be  investigated  as  a  function  of  cluster  size.  The  stability  against  agglomeration  is  due  to 
the  presence  of  the  surfactant  on  the  cluster  surface. 

Fig.  1  is  a  bright  field  transmission  electron  micrograph  (diffraction  contrast)  taken  on  a  JEOL 
12()0EX  at  120  kV  showing  the  isolated,  monodisperse  12.5±0.5  nm  Fe  particles  formed  in  one 
synthesis  (the  scale  is  indicated  by  the  20  nm  bar).  Selected  area  electron  diffraction  confirmed 
that  these  particles  are  the  bcc  Ot-Fe  phase.  Other  monodisperse  Fe  clusters  produced  by  this 
surfactant/solvent  process  ranged  from  1.4±0.1  to  15.0±0.5  nm.  all  below  the  maximum  size 
of  16.4  nm  |12|  for  single  magnetic  domain  Fe. 


Fig.  1.  TEM  photograph  showing  monodisperse,  I2.5±0.5  nm  Fe  clusters. 
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MAGNETIC  MEASUREMENTS 


Fig.  2  compares  the  response  to  an  applied  magnetic  field  at  5  K  for  the  dissolved  FeCl,  salt 
(Fe  ions  in  a  frozen  solution)  before  adding  the  reducing  agent  (open  triangles)  to  that  of  12.5 
nm  Fe  clusters  after  reduction  (solid  triangles).  The  dashed  line  is  a  Brillouin  function  fit  to  the 
Fe  ion  data  using  a  g-factor  of  2  and  an  angular  momentum  of  2.5.  The  agreement  confirms 
the  presence  of  isolated  Fe^^;  further,  the  low-field  slope  (susceptibility)  decreases  by  a  factor 
of  2  between  5  and  10  K,  suggesting  negligible  magnetic  interactions  between  the  ions.  In 
contrast,  the  Fe  clusters  show  a  distinct  saturation  in  their  response  for  fields  above  1  tesla, 
consistent  with  ferromagnetic  or  superparamagnetic  behavior  characteristic  of  strong  magnetic 
interactions  within  the  clusters.  Note  the  qualitative  difference  between  the  isolated  ions  and  the 
clusters;  the  isolated  Fe"^'^  ions  exhibit  a  linear  response  to  applied  field  at  low  fields  and  a 
nonlinear  response  at  high  fields  while  the  3.7  nm  Fe  clusters  show  a  nonlinear  response  (and 
a  larger  moment  per  gram)  at  low  fields  but  saturate  to  a  constant  moment  in  moderate  fields. 

Fig.  3  shows  isothermal  hysteresis  data  (moment  M  versus  applied  magnetic  field  H)  measured 
at  5  K  following  zero-field  cooling.  The  open  circles  denote  the  initial  respons"  to  an  increasing 
field,  the  solid  triangles  for  a  decreasing  field,  and  the  open  triangles  for  an  increasing  field. 
The  data  are  shown  between  -0.25  and  -F0.25  tesla,  but  the  actual  hysteresis  measurement  used 
field  strengths  to  ±2  tesla.  These  12.5  nm  O-Fe  clusters  are  ferromagnetic  at  5  K  with  the  data 
approaching  saturation  and  exhibiting  reversibility  at  high  field  strengths.  There  is  a  substantial 
remanent  moment  at  zero  field  and  a  moderate  coercive  field  (where  the  moment 
crosses  through  zero  following  samration).  The  saturation  moment  for  these  particles  at  5  K, 
determined  by  plotting  M  versus  l/H  and  extrapolating  to  infinite  field,  is  2.2  x  10'^  emu  or  *25 
emu/g  for  the  88  ng  of  Fe  in  this  sample;  the  saturation  moment  for  bulk  a-Fe  is  220  emu/g  at 
low  temperatures  (121.  The  total  diamagnetic  (negative)  signal  from  the  surfactant,  solvent,  glass 
NMR  tube  and  reducing  agent  salts  (measured  in  a  separate  experiment)  is  linear  in  applied  field 
and  -6.8x10“*  emu  in  1  tesla  at  5  K;  ail  data  have  been  corrected  for  this  diamagnetism. 
Although  this  correction  is  small  at  the  fields  strengths  in  Fig.  3,  it  is  large  at  5  tesla  for  the 
dilute  Fe  samples  studied  here.  Since  the  Fe  sample  plus  surfactant/solvent/reducing  agent  is 
measured  independently  from  the  diamagnetic  correction,  there  is  considerable  uncertainty  in  the 
determination  of  a  saturation  value  by  plotting  the  corrected  moment  versus  l/H  due  to  the 
dominance  of  the  correction  term. 
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Fig.  2.  Moment  versus  field  at  5  K  before  and  after  reduction  to  Fe  clusters. 
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Fig.  3.  Hysteresis  at  5  K  for  12.5  nm  O-Fe  clusters. 
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The  magnetic  moment  of  each  Fe  particle  in  a  frozen  solution  will  exhibit  random  rotations 
driven  by  thermal  fluctuations.!  13|  Opposing  these  fluctuations  is  the  magnetic  anisotropy  energy 
Egnis  where  K  is  the  anisotropy  energy  per  unit  volume  and  V  is  the  volume  of  the 

particle.  An  assembly  of  such  particles  will  relax  to  equilibrium  through  thermal  fluctuations  on 
a  time  scale  T  given  by 

T  =  V*PlKV/kTJ  (1) 

where  is  a  characteristic  time  on  the  order  of  10"’  seconds,  k  is  the  Boltzmann  constant  and 
T  the  a^lute  temperature.!  I4| 

One  of  the  distinguishing  features  of  small,  single  domain  magnetic  particles  is  the  appearance 
of  a  blocking  temperature  Tg  defined  as  the  temperature  where  the  relaxation  time  T  in  Eq.  (I) 
becomes  comparable  to  the  experimental  time  of  100  seconds.  For  temperatures  above  Tg,  the 
magnetization  versus  applied  magnetic  field  is  reversible  due  to  thermal  fluctuations,  i.e.,  the 
sample  exhibits  no  remanence  or  coercivity  in  a  hysteresis  measurement.!  14|  Fe  has  cubic 
anisotropy  with  an  anisotropy  energy  Kp^  of  4.6x10^  ergs/cm^;  the  easy  direction  for 
magnetization  is  one  of  the  1100]  axes.  For  spherical  Fe  particles  with  cubic  anisotropy,  the  K 
in  Eq.  (1)  must  be  replaced  by  K/4.!I4|  Using  Eq.  (I)  for  the  12.5  nm  Fe  particles  and  T„  = 
lO  '*  seconds,  we  predict  Tg  »  34  K  for  a  thermal  relaxation  time  of  100  seconds  (the  calculated 
relaxation  time  is  3x  lO'*  sec  at  20  K  and  18  nsec  at  room  temperature). 

An  experimental  blocking  temperature  can  be  determined  from  isothermal  hysteresis 
measurements  using  the  vanishing  of  remanence  and  coercivity.  Fig.  4  shows  the  remanent 
moment  and  coercivity  versus  temperature  for  the  12.5  nm  particles;  both  vanish  between  50  and 
60  K.  This  experimental  Tg  is  only  50%  higher  than  the  calculated  value  and  the  latter  is 
extremely  sensitive  to  particle  size  and  morphology.  For  example.  14  nm  particles  have  a 
predicted  Tg  of  47  K  which  would  agree  with  our  experimental  result.  In  addition,  various 
improvements  to  Eq.  (I)  have  been  suggested.!  15]  We  have  also  studied  a  sample  with  3.7  nm 
a-Fe  particles  and  found  an  experimental  Tg  of  15  K.  The  volume  of  these  particles  is  only 
2.6%  of  that  for  the  12.5  nm  clusters,  and  Eq.  (1)  predicts  a  blocking  temperature  of  0.9  K. 
The  cause  of  this  large  disagreement  between  simple  theory  and  experiment  for  these  3.7  nm 
clusters  is  not  understood.  It  may  be  that  the  assumptions  of  spherical  particles  and  bulk 
magnetic  anisotropy  are  not  valid  for  very  small  cluster  sizes. 
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Fig.  4.  Coercive  field  and  remanent  moment  versus  temperature  for  12.5  nm  «-Fe  clusters. 

DISCUSSION  AND  CONCLUSIONS 

Nanometer-sized  particles  of  Fe,  Co  or  Ni  are  promising  for  applications  requiring  a  high 
saturation  magnetization  and  large  coercivity.  We  have  developed  a  novel  synthetic  procedure 
for  size-selected  clusters  between  1  and  -18  nm  in  diameter.  The  nonaqueous  synthesis  under 
anaerobic  conditions  produces  clusters  which  are  individually  isolated  within  inverse  micelles  and 
thus  stabilized  against  agglomeration.  Careful  sample  handling  permits  studies  with  minimal 
exposure  to  oxygen  or  moisture.  Magnetic  data  for  the  saturation  magnetization  Mj^,.  remanent 
moment  M^^^,  coercivity  and  superparainagnetic  blocking  temperature  Tg  of  a  sample  with 
12.5  ±0.5  nm  O-Fe  clusters  diffei  considerably  from  literature  values. 

Mjg,  is  *25  emu/g  at  5  K  from  extrapolation  of  magnetization  versus  1/H  or  roughly  10%  of 
the  220  emu/g  for  bulk  Ot-Fe.  Literature  values  range  from  20%  of  bulk  Fe  for  -10  nm 
particles  (5,8)  to  the  bulk  value  for  Fe  clusters  with  500  to  700  atoms  1161  (-2.5  nm  diameter). 
However,  the  10  nm  particles  were  oxidized  (5,8|  and  the  effects  of  an  oxide  shell  on  the 
measured  M,3,  of  the  (X-Fe  core  are  not  clear.  is  *5  emu/g  at  5  K  and  vanishes  between 
50  and  60  K  for  the  12.5  nm  Fe  clusters  in  inverse  micelles  compared  to  30  emu/g  at  both  220 
and  300  K  for  oxidized  Fe  particles  with  a  3.3  nm  diameter  metallic  core  (51.  Again,  oxidation 
of  the  Fe  clusters  appears  to  drastically  alter  the  superparamagnetic  transition  and  remanence. 

Coercivity  varies  strongly  with  particle  size,  reaching  a  maximum  for  -15  nm  particles  of  Fe 
and  Co. 1 17]  However,  the  origin  of  the  coercivity  is  poorly  understood,  particularly  the  effect 
of  surface  oxide.  The  maximum  calculated  for  single  domain  Fe  particles  is  50  mT  due 
to  magnetic  anisotropy  while  measured  values  are  twice  as  large. 1 17]  Oxidized  a-Fe  can  have 
^coer  “P  fo  340  mT  at  10  K  for  6  nm  particles  15]  and  160  mT  for  13  nm  particles  16).  The 
latter  is  a  factor  of  20  larger  than  a  8  mT  at  10  K  for  the  12.5  nm  O-Fe  particles  studied 
here  (Fig.  4).  More  importantly,  oxidized  Fe  particles  with  O-Fe  core  diameters  between  8.4 
and  14  nm  exhibited  strong  coercivities  of  40  to  110  mT  at  room  temperature  [5],  while  the 
coercivity  of  our  12.5  nm  a-Fe  particles  decreases  rapidly  with  increasing  temperature  and 
vanishes  between  50  and  60  K,  i.e.,  at  Tg  (Fig.  4).  in  one  experiment,  Fe  particles  between  6 
and  22.7  nm  in  diameter  were  synthesized  by  gas  evaporation,  collected  on  a  Ag  film  and 
covered  by  a  second  Ag  film  inside  the  evaporation  chamber  to  minimize  oxidation.l51  These 
samples  exhibited  large,  nearly  temperature-independent  [5],  strikingly  different  from  the 
behavior  of  the  present  Fe  clusters. 
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Superparamagnetic  blocking  temperatures  were  50-60  K  for  12.5  nm  clusters  and  15  K  for 
3.7  nm  clusters  in  inverse  micelles.  The  former  value  agrees  reasonably  well  with  the  calculated 
Tg  based  on  cluster  size  and  the  magnetic  anisotropy  of  bulk  Fe  while  the  latter  value  is 
considerably  above  the  calculated  Tg.  Reported  values  ranged  from  230  K  for  5.3  nm  Fe  cores 
to  120  K  for  2.5  nm  cores  of  oxidized  clusters.|51  Granular  films  with  3  to  9  nm  Ot-Fe  panicles 
in  a  BN  host  matrix  had  a  field-dependent  blocking  temperature  between  35  and  40  K.|7| 
However,  particle  interactions  were  evident  in  the  strong  dependence  of  coercivity  on  Fe 
concentration  [7]  and  these  interactions  may  affect  the  measured  Tg. 

Our  novel  synthesis  technique  for  isolated,  size-selected  O-Fe  clusters  in  the  1  to  18  nm  range 
provides  an  opportunity  to  test  various  predictions  tor  coercivity,  remanence  and  saturation 
magnetization  as  a  function  of  particle  size  and  temperature.  The  same  synthesis  has  been  used 
for  preparing  size-selected  Co  and  Ni  clusters.  The  magnetic  behavior  of  these  particles  should 
identify  the  separate  roles  of  thermal  energy,  magnetic  anisotropy  and  surface  versus  "bulk" 
atoms  as  the  cluster  size  approaches  a  few  unit  cells,  thus  improving  our  understanding  of 
magnetic  phenomena  in  this  size  range. 
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ABSTRACT 

Nanocrystalline  (n-)  Cu  and  Pd,  prepared  by  inert  gas  condensation  (IGC)  and  in  situ 
room  temperature  (RT)  and  elevated  temperature  (warm)  compactions,  have  been  studied  by 
small  angle  neutron  scattering  (SANS).  Previous  work  (1]  on  room  temperature  compacted  and 
subsequently  annealed  n-Pd  seemed  to  show  that  all  the  scattering  could  be  accounted  for  by  a 
distribution  of  pores.  Analysis  of  more  extensive  SANS  measurements,  together  with  the  results 
of  prompt  gamma  activation  analysis  (PGAA),  indicates  that  the  SANS  can  be  explained  by  the 
presence  of  pores  and  hydrogen.  Warm  compaction  reduces  the  hydrogen  impurity  level,  while 
increasing  the  bulk  density  and  decreasing  the  pore  size.  This  can  lead  to  a  dramatic  hardness 
increase  in  these  materials. 


INTRODUCTION 

The  presence  of  impurities  and  a  variety  of  defects  can  have  a  strong  influence  on  the 
mechanical  properties  of  n-metals  [2J.  In  an  effort  to  obtain  and  study  the  inuinsic  properties 
of  these  materials,  an  investigation  has  been  undertaken  to  quantify  the  types  of  existing 
imperfections,  as  well  as  to  identify  methods  to  reduce  their  prevalence.  This  paper  reports 
preliminary  findings  on  the  presence  of  hydrogen  (H)  and  oxygen  (O)  impurities  and  their 
influence  on  porosity  and  hardness. 


PROCEDURE 

The  n-Pd  and  n-Cu  were  produced  by  IGC  and  compaction  at  Argonne  National 
Laboratory  [3].  High  purity  (-99.999%)  Pd  wire  or  Cu  shot  was  evaporated  in  600  Pa  of  high 
purity  (-99.999%)  He,  and  the  resulting  powder  was  compacted  in  vacuum  for  10  min  under  1.4 
GPa  of  pressure  at  temperatures  ranging  from  20  to  300°C  to  form  disks  9  mm  in  diameter  and 
=  0.2  mm  thick.  One  of  the  Pd  samples  was  electro-discharge  machined  into  quarters,  with  one 
quarter  receiving  no  further  treatment,  while  the  other  3  were  annealed  at  100,  300,  or  800°C  for 
100  min  in  high  purity  (-99.999%)  flowing  argon.  The  bulk  density  was  measured  using 
Archimedes  principle.  Grain  size  was  determined  from  broadening  of  the  111  and  222  x-ray 
peaks  using  the  Wanen-Averbach  method  (4).  The  H  level  was  measured  by  PGAA  in  the  Cold 
Neutron  Research  Facility  at  NIST  [S],  while  the  O  concentration  was  found  by  fast  neutron 
activation  analysis  (FNAA)  performed  in  the  Department  of  Chemistry  at  the  University  of 
Kentucky  [6].  (PGAA  and  FNAA  give  no  information  on  the  chemical  state  of  the 
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contaminants.)  The  SANS  measurements  were  performed  on  the  30  m  NSF  SANS  instrument 
at  NIST  [7]  over  a  q-range  from  0.01  to  5.7  nm‘‘.  (The  magnitude  of  the  scattering  vector  q  is 
(4iiA.)sin  6,  where  X  is  the  neutron  wavelength  and  28  is  the  scattering  angle.)  The  reported 
Vickers  microhardness  values  were  an  average  of  ten  measurements  made  with  a  100  g  load  and 
a  dwell  time  of  20  s. 


RESULTS 


PGAA  and  FNAA  measurements  were  carried  out  to  determine  the  H  and  O  impurity 
levels  in  n-Cu  and  n-Pd.  Interest  in  these  measurements  was  heightened  by  the  observation  of 
a  pressure  rise  in  the  chamber  just  prior  to  warm  compaction,  possibly  indicating  that  adsorbed 
gases  were  being  liberated.  Also,  recent  SANS  measurements  extended  out  to  large  q  values  had 
a  high,  constant  background  thought  to  originate  from  incoherent  scattering  from  H.  (H  has  a 
very  large  incoherent  scattering  cross-section,  while  that  of  O  is  much  lower.)  The  H  and  O 
concentrations  from  PGAA  and  FNAA  analysis,  as  well  as  the  H  content  calculated  from  the 
SANS  background  level,  are  shown  in  Table  I.  The  good  agreement  between  the  H  level 
obtained  by  PGAA  and  SANS  shows  that  the  SANS  background  can  be  attributed  to  incoherent 
scattering  by  H.  TschOpe  and  Birringer  (8J  reported  3.9  at%  H  and  3.0  at%  O  in  n-Pt  made  by 
IGC  and  compacted  at  80°C,  values  that  are  in  the  same  range  as  those  found  in  n-Pd  and  n-Cu. 


Table  1.  Impurities  and  Grain  Size  as  a  Function  of  Compaction  Temperature 


Temp. 

at<5E:  0 

at%  H  (PGAA) 

at%  H  (SAN,S) 

Grain  Size  (nm) 

Pd 

20'’C 

7,5 

5.7  ±  0,5 

Pd 

100°C 

0.8  ±0,3 

1+ 

5.2 

6.6  ±  0.5 

Pd 

300X 

<  2.1 

0.4 

12  ±0,6 

Pd* 

200°C 

1.2  ±0.2 

<  l.l 

9.2  ±  0.3 

Pdt 

800X 

0.5 

59  ±5 

Cu 

20“C 

7.7 

7.7  ±  0.3 

Cu 

100°C 

4.1  ±0.5 

6.3  ±  0.6 

5.7 

8.9  ±  0.4 

Cu 

I50°C 

4.8  ±  0.9 

6.5 

11  ±  1 

•powder  warmed  by  heat  lamp  prior  to  200°C  compaction 
tRT  compaction  followed  by  iO0°C  anneal 


The  SANS  data  were  found  to  be  dominated  by  Porod  scattering,  with  some  incoherent 
scattering  visible  at  high  q,  as  mentioned  above.  The  behavior  predicted  by  Porod  [9|  is: 


Kg) 


2)t(Ap)^ 

V 


(1) 


where  I(q)  is  the  differential  scattering  cross  section,  Ap  is  the  difference  in  scattering  length 
density  between  the  matrix  and  the  scattering  defect,  SfV  is  the  total  surface  area  pet  unit  sample 
volume  of  scatterers,  and  !,_  is  the  iiKoherent  background  level.  Equation  I  is  valid  for  qR  > 
about  3,  where  R  is  the  radius  of  the  scattering  entity.  In  a  plot  of  Iq*  vs  q*,  the  slope  yields  the 
incoherent  scattering  cross-section  (Ii„)  and  the  intetcept  is  the  Porod  constant  (Cp  = 
2ic(Ap)^SAf).  A  plot  of  this  type  for  Cu  is  shown  in  Fig.  1,  where  it  can  be  seen  that  the  fits  are 
very  good.  Figure  2  is  a  plot  of  In  I  vs  In  q  for  the  n-Pd  data  after  subtracting  the  background. 
The  portion  of  the  curve  with  a  slope  of  -4  corresponds  to  the  Porod  region. 


320 


The  invarianl  Q  was  used  to  calculate  the  volume  fraction  of  scatterers  (V,)  jll  where 

Q  =  lg^Hg)dq  and  VJl-VJ  =  - ^ (2) 

0  2)t^(Ap)^ 

The  data  were  extrapolated  to  q  =  0  and  q  =  oo  using  the  Guinier  relation  [9]  and  Porod  relation, 
respectively.  Based  on  the  work  of  Schaefer  1 10).  where  voids  in  n-metals  were  identified  using 
positron  annihilation,  it  was  assumed  that  voids  are  the  primary  scattering  entity  in  the  SANS 
experiments.  Using  4p  =  p„  or  p,^,  good  correlation  was  found  between  the  density  obtained 
by  the  invariant  and  that  measured  by  Archimedes  principle  (Fig.  3a  and  b). 

Using  both  the  SA'  ratio  from  and  the  V,  from  Q,  a  characteristic  void  radius  R,  can 
be  obtained  (R,  =  3V.y(SA')).  The  results  of  this  calculation  are  shown  in  Fig.  4a  and  b.  The 
pore  Sire  in  the  RT-compacted  samples  seems  to  scale  with  the  grain  size.  These  pores  are  in 
the  same  size  range  as  Schaefer’s  [10]  "missing  grain"  voids.  The  number  density  can  also  be 
obtained  from  this  method,  and  it  tends  to  scale  with  the  number  of  grains  in  the  RT-compacied 
samples. 


Fig.  I.  Determination  of  and  Cp  for  n-Cu.  Fig.  2.  SANS  data  for  n-Pd. 
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DISCUSSION 


The  H  and  O  contamination  discussed  above  could  result  Irom  the  adsorption  of  water 
vapor  on  the  small  crystallites  after  they  are  collected  by  the  cold  finger,  even  though  there  is 
a  cold  trap  in  the  synthesis  chamber,  the  cold  finger  can  act  like  an  additional  cold  trap  during 
the  evaporation,  a  time  when  the  system  is  not  actively  pumped.  The  data  in  Table  1  suggest 
(within  experimental  uncertainties)  that  water  vapor  is  driven  off  by  warming  the  powder.  This 
hypothesis  is  supported  by  the  order  of  magnitude  lower  H  levels  in  the  n-Pd  sample  compacted 
at  elevated  temperatures.  (The  O  data  are  too  limited  to  verify  this  trend.)  For  the  300“C 
compaction,  where  the  powder  was  allowed  to  outgas  in  the  hot  die  prior  to  insertion  of  the 
piston,  a  H  level  of  0.4  at'if  was  achieved  (Table  I).  Another  sample,  compacted  at  2iX)"C  alter 
warming  the  powder  in  front  of  a  bakeout  lamp,  had  a  H  content  even  lower  than  that  of  the 
300‘C  compacuon  with  a  smaller  increase  in  grain  size  (Table  I). 

The  H  concentration  can  also  be  greatly  reduced  by  annealing,  but  at  the  expense  of 
extensive  grain  growth.  This  is  demonstrated  by  the  quarter  annealed  at  800”C,  where  the  H 
level  measured  by  SANS  decreased  from  7.5  to  0.5  at*  while  the  grains  grew  from  5.7  to  59  nm 
(Table  1).  Samples  annealed  at  100  and  300°C  produced  proportionately  smaller  reductions  in 
the  H  level,  along  with  decreased  grain  growth. 

The  small  discrepancy  between  the  density  as  measured  by  Archimedes  principle  and 
SANS  may  be  the  result  of  either  a  few  large  pores  or  surface  roughness.  The  presence  of  very 
large  scatterers  (>  about  0. 1  pm  for  the  q-range  used  in  this  experiment)  can  lead  to  substantial 
errors  in  the  volume  fraction  calculated  from  Q  (I  I|.  since  the  scattering  from  these  defects  may 
be  hidden  by  the  beamstop.  A  few  1-5  pm  voids,  elongated  perpendicular  to  the  compression 
axis,  have  been  observed  in  fracture  surfaces  of  RT-compacted  n-Pd  by  scanning  electron 
microscopy  (SEM).  On  the  other  hand,  small  surface  flaws  unable  to  be  wetted  by  the  fluid 
(ethyl  phihalaie)  used  to  make  the  density  measurements  could  make  the  Archimedes  density  too 
low.  High  resolution  SEM  images  of  the  surface  of  warm  compacted  n-Cu  and  n-Pd  reveal 
valleys  and  holes  between  clusters  in  the  range  of  10  to  100  nm,  as  well  as  surface  roughness 
in  the  micrometer  range. 

Warm  compaction  produces  increased  bulk  densities  compared  to  RT-compaction  and 
annealing.  At  this  time  it  is  not  clear  if  the  reduction  in  gaseous  impurities  or  the  improved 
sintering  between  particles  is  the  main  reason  for  the  improvement.  Despite  the  uncertainty  in 
mechanism,  the  pores  in  n-Pd  compacted  at  I00°C  are  approximately  half  the  grain  size,  while 
in  the  sample  which  was  RT compacted  and  annealed  at  lOO'C  the  pores  are  larger  than  the  grain 
size  (Fig,  4a).  As  shown  in  Fig.  2,  the  slope  for  the  sample  compacted  at  300°C  changes  from  - 
4  to  -3.  while  the  intensity  is  much  lower.  Perhaps  the  pores  are  no  longer  the  dominant 
scatterers  (this  is  depicted  in  Fig.  4a  by  a  downward  sloping  line  from  the  lOO^C  compaction), 
and  scattering  from  another  defect  type  (e.g.  grain  boundaries)  has  become  detectable.  The 
behavior  of  the  n-Cu  clearly  shows  (Fig.  4b)  the  pore  size  decreasing  with  increasing  compaction 
temperature. 

Preliminary  results  indicate  that  warm  compaction  can  produce  significantly  higher 
hardness  in  n-Pd.  The  sample  compacted  at  300°C  had  a  density  of  96.4  %.  a  H  level  of  0.4 
at*,  and  a  hardness  of  5.8  GPa.  This  is  more  than  1  GPa  higher  than  other  reported  values  for 
n-Pd.  Small  amounts  of  elasticity  (the  sample  has  been  reversibly  bent  slightly  without  breaking) 
has  also  been  observed.  More  work  is  necessary  to  confirm  these  results  and  isolate  the  causes. 
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CONCLUSIONS 


Hydrogen  and  oxygen  contamination  can  be  a  significant  problem  in  n-materials  made  by 
IGC  and  compaction,  but  this  contamination  can  be  reduced  by  warming  powders  prior  to 
compaction  or  by  subsequent  annealing.  Voids  on  the  order  of  the  grain  size  have  been  identified 
in  n-Pd  and  n-Cu  by  SANS.  The  size  of  the  voids  decrease  (both  absolutely  and  relative  to  the 
grain  size)  with  increasing  compaction  temperature.  Preliminary  results  indicate  that  warm 
compaction  is  much  more  effective  for  porosity  reduction  than  room  temperature  compaction 
followed  by  annealing.  Lower  H  concentrations  (possibly  due  to  desorption  of  water  vapor)  and 
higher  densities  produced  by  warm  compaction  may  lead  to  large  increases  in  hardness. 
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ABSTRACT 

The  multilayer  organization  of  sulfonated  polyaniline/polyallylamine  (SPAN/PAH)  films  was 
investigated  by  neutron  reflectivity  Films  were  prepared  by  sequential  adsorption  of  polycations 
and  polyanions  from  dilute  solution.  Scattering  contrast  was  achieved  by  selective  deuteration  of 
blocks  of  bilayers  at  varying  intervals  along  the  films  The  internal  organization  of  the  multilayer 
structure  was  found  to  decay  significantly  with  increasing  number  of  bilayer  depositions  In 
addition,  a  high  degree  of  roughness  was  determined  at  the  free  surfaces  of  the  films  Together, 
these  results  suggest  that  both  conformal  and  nonconformal  roughness  are  present  in  the  films, 
i  e  ,  defects  introduced  during  individual  layer  depositions  are  to  some  degree  transferred  to  the 
surface  of  subsequently  deposited  layers 


INTRODUCTION 

Molecular-scale  processing  techniques  hold  great  promise  for  next-generation  optoelectronic 
device  fabrication  Waveguides,  light  emitting  diodes  and  anisotropic  conductors  have  been 
prepared  via  Langmuir-Blodgett  and  other  molecular  assembly  schemes.  Employing  the 
sequential  adsorption  method  first  developed  by  Decher',  Rubner  and  coworkers^  have  fabricated 
electrically  conducting  multilayer  (ML)  films  using  highly  conjugated  polyelectrolytes  The 
technique  involves  dipping  a  surface-modified  glass  or  silicon  substrate  alternately  into  dilute 
polycation  and  polyanion  solutions,  depositing  in  each  dip  a  monolayer  of  charged  material  which 
serves  as  an  attractive  surface  for  the  subsequent  layer  of  opposite  charge.  A  schematic 
illustration  of  the  system  investigated  is  shown  in  Fig  1 .  This  comparatively  simple  method  of 
molecular-level  assembly  offers  a  novel  means  to  fabricate  complex  thin  film  structures  with 
tunable  optical/electronic  properties  For  example,  the  conductivity  of  multilayer  thin  films  of  the 
materials  used  in  this  study  were  previously  measured^  to  be  -10'^  S/cm.  However,  little  is 
known  about  the  uniformity  or  the  extent  of  interpenetration  of  the  deposited  bilayers,  structural 
features  which  ultimaiely  influence  device  performance.  The  aim  of  the  current  study  was  to 
investigate  layer  organization  as  a  function  of  film  depth  in  conducting  polyelectrolyte  multilayers 
assembled  by  sequential  adsorption.  Here  we  report  results  of  neutron  reflectivity  studies  from  a 
set  of  40  bilayer  films  of  sulfonated  polyaniline/polyallylamine,  SPAN/P/kH,  each  selectively 
labelled  at  different  depths  with  8  bilayer  blocks  of  SPAN-dy/PAH  The  tec  uiique  of  neutron 
reflectivity  is  highly  sensitive  to  gradients  in  the  scattering  length  density  normal  to  the  film 
surface,  thus  allowing  for  a  quantitative  evaluation  of  the  internal  layer  organization  when  such  a 
labelling  scheme  is  employed 
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Figure  1  Schematic  illustration  of  SPAN/PAH  ML  film  prepared  by  sequential  adsorption 
technique 


EXPERIMENTAL  PROCEDliRE 

Polished  silicon  substrates  10  cm  in  diameter  and  0.25  cm  thick  with  (100)  planes  parallel  to 
the  surface  were  purchased  from  Semiconductor  Processing  Co.  A  series  of  films  consisting  of 
alternating  layers  of  the  polyanion  sulfonated  polyaniline  (SPAN)  and  the  polycation 
polyallylamine  (PAH)  were  adsorbed  onto  the  surface  of  the  silicon  substrates  to  produce  films 
'600A  thick  composed  of  40  bilayers  Prior  to  the  first  monolayer  deposition,  the  substrates  were 
immersed  in  a  bath  of  H2SO4/H2O2  for  30  minutes,  rinsed  with  deionized  water  and  placed 
immediately  in  a  bath  of  boiling  H2O/NH4OH/H2O2  for  1  hour.  Afterwards,  substrates  were 
rinsed  thoroughly  and  left  to  soak  in  deionized  water  until  used  This  surface  treatment  closely 
follows  the  procedure  of  Oecher  et  al.  *  Adhesion  to  the  silicon  oxide  surface  was  promoted 
through  modification  with  the  monofunctional  coupling  agent,  4-amino  butyl  dimethyl  methoxy- 
silane,  prior  to  the  first  polyelectrolyte  deposition. 

To  investigate  the  multilayer  organization  8-bilayer  blocks  were  selectively  contrasted  at 
varying  depths  within  the  separate  films  by  substituting  SPAN-dy  for  SPAN.  In  total,  four  40- 
bilayer  systems  were  investigated  vrith  the  following  labelling  schemes;  8D/32H  (A),  16H/8D/16H 
(B),  32H/8D  (O,  8D/8H/8D/8H/8D  (Z3),  where  D  denotes  bilayers  containing  isotopically  labelled 
SPAN  and  H  represents  the  unlabelled  bilayers.  Sample  D  integrates  the  labelled  regions  of  the 
three  other  samples  into  a  single  film,  and  serves  to  test  the  reproducibility  of  the  film  structure 
and  consistency  of  our  analysis  The  periodic  spacing  of  the  labelled  blocks  should  additionally 
give  rise  to  observable  Bragg  reflections  in  the  measured  reflectivity,  if  the  film  is  sufficiently 
ordered 

Neutron  reflectivity  measurements  were  performed  on  the  BT-7  instrument  at  the  National 
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Institute  of  Standards  and  Technology  (NIST)  in  Gaithersburg,  Maryland.  The  experimental 
setup  and  sample  alignment  procedure  are  described  in  previous  publications.^’^  A  graphite 
monochromator  delivers  neutrons  of  wavelength  X  =  l.'il  A  and  resolution  AX/X  %  o  01  to  the 
sample  surface.  Reflectivity  profiles  are  generated  by  rotating  the  sample  6  and  the  detector  26 
degrees  with  reference  to  the  incident  beam.  Data  points  were  taken  in  steps  of0.0I°  in  6  out  to 
0  8°  or  0.07 A'*  in  neutron  momentum,  =  4a  sin  6  /k ,  with  an  angle-dependent  resolution  of 
A6/6  as  0.02  at  the  highest  angles  sampled.  Background  intensities  were  obtained  by  offsetting  26 
by  +0  25°  After  background  subtraction,  the  reflectivity  was  obtained  by  normalizing  the  net 
intensity  by  the  main  beam  intensity  for  identical  slit  conditions. 

To  fit  the  reflectivity  data,  scattering  length  density  (b/v)  profiles  were  generated  by  modeling 
the  films  as  adjacent  layers  of  an  assumed  thickness  and  bA>  value,  with  finite  interfaces  (<i,  s= 
(2x0^)'^,  where  a  is  the  rms  roughness)  between  layers.  The  theoretical  reflectivity  was  then 
derived  from  the  model  b/v  profile  and  evaluated  against  the  experimental  data.  Model 
parameters  (thickness,  b  v,  af)  were  modified  iteratively  until  a  best  fit  to  the  data  was  achieved 


RESULTS  AND  DISCUSSION 

Figure  2a  shows  the  measured  reflectivity  as  a  function  of  q2  from  sample  A,  which  contains 
an  8  bilayer  block  of  SPAN-d7/PAH  adjacent  to  the  silicon  surface  (a  schematic  illustration  of  the 
labelling  scheme  is  inset  in  Fig.  2b)  Oscillations  in  the  reflectivity  data  arise  from  interfereiKes 
between  neutrons  reflected  from  the  surface  of  the  film  and  the  internal  interfaces  created  by 
incorporating  the  isotopically  labelled  block.  The  oreillations  are  seen  to  decay  rapidly  as  a 
funaion  of  increasing  angle  6  Qualitatively  this  result  implies  that  a  high  degree  of  roughness  is 
present  at  the  film  surface.  The  solid  line  in  Fig.  2a  represents  the  best  fit  to  the  data, 
corresponding  to  the  scattering  length  density  profile  shown  in  Fig.  lb.  A  number  of  important 
observations  can  be  made  on  examining  this  result.  First,  the  deuterated  block  is  clearly 
distinguishable  as  a  region  of  high  contrast  next  to  the  substrate.  (Note  that  a  thin  oxide  layer  has 
been  incorporated  into  the  profile  at  the  Si  surftce.)  However,  the  interface  between  this  region 


Fig.  2a.  Fitted  reflectivity  for  SPAN/PAH  ML  film  with  8  labelled  bilayers  adjacent  to  substrate. 
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Fig.  2b.  Model  scanehng  length  density  profile  yielding  the  best  fit  to  the  reflectivity  data.  Inset 
shows  a  schematic  illustration  of  labelling  scheme  in  the  film. 


and  the  unlabelled  portion  of  the  film  is  quite  broad,  a/ »  45  A.  At  least  two  interpretations  can 
be  made  of  the  observed  interfacial  width.  Since  the  average  bilayer  thickness  is  approx.  1 5  A,  the 
broad  interfacial  region  could  suggest  the  interdiffusion  of  chains  over  several  bilayers. 
Alternatively,  the  broad  interface  could  indicate  a  highly  corrugated  or  irregular  interface  between 
the  labelled  and  unlabelled  bilayers.  Since  the  roughness  at  the  silicon  surface  is  expected  to  be  no 
greater  than  5  A,  this  internal  roughness  would  have  been  introduced  through  uneven  bilayer 
depositions.  The  high  degree  of  surface  roughness  apparent  for  this  film  (a,- »  95A)  would 
support  this  latter  interpretation. 

The  conclusion  that  the  surface  rou^ess  increases  with  increasing  number  of  bilayer 
depositions  is  supported  by  the  reflectivity  results  on  samples  labelled  at  other  positions  along  the 
film.  Figure  3  shows  results  for  sample  D,  in  which  the  labelled  bilayer  blocks  are  spaced 
periodically  within  the  film.  The  measured  reflectivity  (Fig.  3a)  has  a  broad  first  order  Bragg 
reflection  at  q2  «  0.026  A'i,  indicating  that  the  multilayer  structure  induced  by  alternately 
depositing  8-bilayer  blocks  of  deuterated  and  hydrogenated  SPAN  with  PAH  is  to  some  extent 
preserved.  The  oscillations  in  this  profile  are  notably  weak,  however,  and  again  decay  rapidly  as  a 
function  of  increasing  q^  Fig.  3b  shows  the  profile  which  yields  the  fit  to  the  reflectivity  dau 
represented  by  the  solid  line  in  Fig.  3a.  With  increasing  number  of  deposited  layers,  certain  trends 
are  evident  in  the  b/v  profile.  A  continuous  increase  in  the  imerftcial  width  is  noted  between 
labdied  and  unlabelled  portions  of  the  film  on  moving  up  from  the  substrate.  After  32  bilayer 
depositions  the  interfacial  width  between  D  and  H  blocks  is  found  to  be  >  60A.  Moreover,  the 
scattering  length  density  of  the  deuterated  blocks  is  seen  to  decrease  substantially  from  the 
substrate  to  the  surface.  The  width  of  the  polymer/air  interface  is  again  on  the  order  of  90  A  for 
this  system.  This  large  surface  roughness,  coupled  with  the  decay  of  the  internal  ML  organization, 
suggests  that  defects  introduced  by  the  deposition  process  are  transferred  conformally  to  the  film 
surftce  during  subsequoit  layer  depositions. 

These  observations  are  consistent  with  atomic-force  microscopy  (AFM)  measurements 
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performed  on  films  prepared  concurrently  with  the  neutron  reflectivity  samples.  For  32  bilayer 
films  of  SPAN/PAH,  AFM  reveals  an  extremely  rough  top  surface  (~  80  A)  The  lateral  length 
scale  of  the  surface  corrugations  appears  to  be  100-200  A. 


Fig  3a.  Fitted  reflectivity  for  40  bilayer  SPAN/PAH  ML  film  with  blocks  of  8  labelled  bilayers 
spaced  periodically  along  the  film 


Fig  3b  Model  scattering  length  density  profile  yielding  the  best  fit  to  the  reflectivity  data.  Inset 
shows  a  schematic  illustration  of  labelling  scheme  in  the  film. 
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We  can  compare  our  results  to  those  of  Schmitt,  el  al.\  who  used  x-ray  and  neutron 
reflectivity  to  charaaerize  self-assembled  multilayer  films  of  sulfonated  polystyrene/ 
polyallylamine  (SPS/PAH)  on  silicon,  using  a  slightly  different  contrast  method.  The  widths  of 
internal  interfaces  were  found  to  be  about  48  A,  while  at  the  free  surface  they  reported  a/ »  33- 
38A.  It  should  be  noted  that  x-ray  reflectivity  measurements  of  their  films  exhibited  up  to  25 
thickness  oscillations  (Kiessig  fnnges)  for  films  1200  A  thick,  while  preliminary  x-ray  studies  of 
our  SPAN/PAH  films  exhibited  at  most  two  such  oscillations.  These  observations  are  consistent 
with  the  neutron  data  which  suggest  that  the  SPAN/PAH  films  display  a  much  rougher  surface 
than  the  SPS/PAH  system,  perhaps  due  to  the  relative  stiffness  of  the  highly  conjugated  SPAN 
component. 

Finally,  the  total  thicknesses  of  the  films  investigated  here  were  nearly  identical  (580-590  A), 
showing  that  while  layer  adsorption  may  introduce  surface  irregularities,  the  average  amount  of 
material  deposited  in  each  layer  is  very  reproducible.  Furthermore,  the  b/v  values  of  the  H  blocks 
are  consistent  (b/v  -  2  0x10"^  A'^)  for  the  four  films.  However,  these  values  are  nearly  twice 
that  calculated  from  the  molecular  structures  of  SPAN  and  PAH.  It  is  possible  that  unknown 
concentrations  of  counterions  present  in  the  films  from  the  polyelectrolyte  solutions  significantly 
enhance  the  b  v  values  in  both  the  H  and  D  blocks.  We  hope  to  address  the  issue  of  counterion 
concentration  in  future  investigations  through  optical  and  x-ray  frequency  absorption  experiments 
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AB^  T 

,y  cttiod  has  been  developed  for  determining  the  bond  energies  between  nanosized  particles 
from  the  kinetics  of  the  rearrangement  of  aerosol  agglomerates.  The  method  of  calculation  is 
based  on  the  change  in  Gibbs'  free  energy  during  restructuring.  For  Ag  and  Cu  agglomerates, 
bond  energies  between  the  nanosized  particles  are  of  the  order  of  magnitude  calculated  from 
bulk  Hamaker  constants. 


INTRODUCTION 

Agglomerates  of  nanometer  particles  formed  in  collision  processes  are  held  together  by  bonds 
between  the  primary  particles.  Such  bonds  may  range  from  van  der  Waals  attraction  to  stronger 
bonds  such  as  ionic  or  covalent.  Strong  bonds  between  the  primary  particles  may  make  powders 
of  these  agglomerates  more  difficult  to  process  in  the  fabrication  of  ceramic  materials.  Aerosol 
processing  can  for  instance  be  done  by  heat  transfer  (sintering).  There  are  two  extreme  types  of 
sintering  processes.  On  the  one  hand  agglomerates  of  very  strongly  bonded  particles  (e.g.  solid 
state  bridges)  retain  their  general  topology  (expressed  by  the  fractal-like  dimension)  during 
sintering.  In  this  case,  the  size  of  the  agglomerates  is  decreasing  while  the  mean  size  of  the 
subunits  (e.g.  thickness  of  the  dendrites  or  primary  particle  size)  increases  during  sintering  [1], 

On  the  other  hand,  agglomerates  of  weakly  bonded  primary  particles  tend  to  collapse  first  at 
low  temperature  during  heat  transfer.  Solid  state  diffusion  between  primary  particles  in  close 
contact  starts  at  much  higher  temperatures  (2].  The  studies  described  in  this  paper  were  conducted 
at  much  below  this  temperature.  A  model  for  the  kinelics  of  rearrangement  is  discussed  and 
tested  for  silver  and  copper  agglomerates.  The  main  goal  of  this  work  was  to  establish  a  method 
for  the  in  situ  measurement  of  the  bond  energies  between  nanometer  particles. 


KINETICS  OF  REARRANGEMENT 

The  arrangement  of  non-coalescing  particles  within  a  certain  gas  volume  has  two  limiting 
cases:  the  particles  can  be  fully  dispersed  within  the  volume,  subject  to  the  Brownian  motion  and 
non-interacting  (see  Fig.  la).  In  this  state  which  we  will  call  "gaseous"  state  in  analogy  to  a 
gaseous  species  within  another  canier  gas,  the  Gibbs'  free  energy  is  maximum  and  the  number 
of  bonds  is  zero. 
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On  the  other  hand,  the 
arrangement  with  minimum 
Gibbs'  free  energy  for 
attractive  particles  is  the 
closed  packed  structure  shown 
in  Fig.  Ic.  Again,  by  analogy 
to  the  condensation  of  a  gas. . 
this  state  will  be  called  the 
"condensed"  state.  From  the 
condensation  of  noble  gases, 
the  coordination  number 
(number  of  nearest  neighbors) 
is  expected  to  lie  between  8 
and  1 1  [3).  'The  theoretically 
possible  coordination  number, 
about  12,  for  the  close  packed 
structures  in  3  dimensions  [4] 
has  not  been  observed  for  aerosol  agglomerates.  However,  the  upper  limit  of  Cv  can  be 
determined  when  better  data  are  available.  For  our  model  only  the  relative  change  in  the 
coordination  number  is  of  importance  and  the  influence  of  the  upper  limit  of  on  the  resulting 
bond  energy  was  found  to  be  small. 

In  between  these  extreme  states  an  intermediate  state  exists  where  the  particles  are  bonded,  but 
the  excess  Gibbs'  free  energy  drives  the  agglomerates  to  restrucmre  towards  the  condensed  state. 
In  the  final  stages  of  decay  to  the  condensed  state,  the  change  in  is  assumed  to  follow  a  linear 
relationship  : 

■  -L  iO-  c,,  (1) 


•  • 


•  •  • 


a)  DISPERSED 
STATE 
CpiT) 


C)  CONDENSED 
STATE 
Cdroptet") 


Fig.  1 ;  Different  states  of  primary  particles. 


where  c^:  coordination  number,  G:  Gibbs'  free  energy  of  the  agglomerate,  C,,;  minimum  Gibbs' 
free  energy  (condensed  state)  and  L:  phenomenological  coefficient  which  depends  on  the 
temperature.. 

The  Gibbs'  free  energy  can  be  related  to  the  coordination  number  by  G  =  6  ■  c^  ,  where  e  .is 
the  bond  energy  between  two  primary  particles.  Combining  this  relation  with  eq.  (1)  gives  a 
differential  equation  for  c,,.  The  bonds  between  the  particles  represent  an  energy  barrier  that  has 
to  be  overcome  for  rearrangement.  In  the  analysis  which  follows,  we  assume  (a)  that  the 
probability  that  a  particle  overcomes  a  certain  activation  energy  is  of  an  Arrhenius  form  (L  - 
e'^')  [5]  and  (b)  the  activation  energy  for  the  rearrangement  of  the  agglomerate  measured  in  this 
way  is  equal  to  the  bond  energy.  The  Arrhenius  form  assumption  cam  be  tested  as  follows. 

Integrating  eq.  (1)  from  0  to  t  and  rearranging  gives: 


In 


I  r  -r 
'■NO  ‘-N^ 

,  ‘■/v(f)  ■‘vwf,  j, 


~  eIkT 


(2) 


where  the  time  t=0  corresponds  to  the  initial  unsintered  agglomerate.  This  means  that  it  is 
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possible  to  calculate  the  bond  energy  €  from  the  knowledge  of  c^l,T)  during  sintering.  To  relate 
to  a  measurable  agglomerate  parameter,  the  concept  of  fractals  is  used;  there  is  a  power  law 
relationship  between  the  average  number  N  of  primary  particles  per  agglomerate  and  the 
agglomerate  diameter  (e.g.  mobility  equivalent  diametei): 


N  --  A 


0) 


where  A:  proportionality  constant,  do :  primary  particle  diameter  and  D/ :  fractal-like  dimension. 

ForZ)/=  1  the  agglomerate 
is  string-like  and  the  average 
number  of  bonds  per  primary 
particle  is  2  (neglecting  the 
f.vo  particles  at  the  end  of  the 
string).  In  the  other  limiting 
case,  for  D,  =  3  the 

agglomerate  is  sphere-like.  As 
mentioned  above,  the 
coordination  number  if 
expected  to  be  between  8  and 
11.  Eq.  (3)  applies  to 
agglomerates  only  over  a 
limited  size  range  and  only  in 
a  statistical  sense.  This  power 
law  is  considered  to  be  an 

empirical  relation  between  agglomerate  size  and  volume,  and  does  not  have  to  be  a  fractal  in  a 
mathematical  sense.  However,  in  experiments  it  was  found  that  eq.  (3)  holds  down  to  only  a  few 
primary  particles  [2].  This  makes  it  possible  to  relate  Df  and  c,v  by  scaling  eq.  (3)  down  to  a 
distance  equal  to  twice  the  primary  particle  radius.  Then,  every  panicle  that  centers  within  this 
volume  counts  as  a  nearest  neighbor  and  the  average  number  of  bonds  per  primary  particle  is 
obtained  by  subtracting  the  particle  placed  in  the  origin: 


D,-2 


■A  -  2°'-l. 


Fig,  2;  Concept  of  fractal-like  dimension. 


C-;v  -  -V  -  1 


(4) 


where  for  =  1  the  condition  c,v  “  2,  and  for  fly  =  3  the  condition  =  8  have  to  be  fulfilled. 
Therefore,  A  must  also  be  a  function  of  Df,  but  a  weak  one;  A(I)  =  1.5  and  A(3)  =  1.125.  In  the 
following,  it  is  assumed  that  A  is  a  linear  function  of  Df  which  fits  the  two  end  conditions. 


EXPERIMENTAL  SETUP 

A  schematic  diagram  of  the  experimental  setup  is  shown  in  Fig.  3.  Copper  and  silver  particles 
are  produced  by  heating  a  ceramic  boat  containing  the  material  uf  interest  in  a  tube  furnace.  The 
metals  are  evaporated  at  temperatures  of  1200  °C  for  Cu  and  1050  °C  for  Ag.  Then,  during 
cooling  the  vapor  condenses  to  form  spherical  primary  particles.  At  the  end  of  the  furnace  a  sharp 
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temperature  decrease  is  maintained  by  reflecting  the  heat  radiation  from  the  furnace  and  by 
cooling  the  quanz  tube  by  a  fan.  Nitrogen  of  different  purities  was  used  as  a  carrier  gas  at  flow 
rates  varying  from  3  to  5  1pm.  The  primary  particles  agglomerated  in  a  coagulation  tube  with 
average  gas  residence  times  from  70  to  1 10  s. 

To  obtain  agglomerates  with  D/  2  2,  a  preheater  is  installed  after  the  agglomeration  section. 
In  addition,  samples  for 
transmission  electron  microscopy 
(TEM)  are  taken  from  an  aerosol 
sidestream. 

After  a  bipolar  charging  of  the 
agglomerates  in  a  *’Kr  source  (2.5 
mCi),  a  certain  size  class  is 
selected  by  a  differential  mobility 
analyzer  (DMA)  by  applying  an 
electric  field  perpendicular  to  the 
diicction  of  the  gas  flow.  The 
selected  agglomerates,  negatively 
charged  and  uni^'^rm  in  si,.?,  are 
conducted  tluough  a  heating 
section.  While  the  gas  flow  rate  is 
kept  constant  at  0.6  1pm,  the  heating  time  and  temperature  are  laried.  Tlien,  the  change  in 
agglomerate  mobility  due  to  rearrangement  is  detected  with  a  second  DMA  in  combinatinn  with 
a  condensation  particle  counter  (CPC). 


ACGLOMfilUnot*  SAMPUNO 


Fig.  3:  Experimental  setup. 


RESULTS  AND  DISCUSSION 

The  mobility  equivalent  diameter  d,  of  Ag  agglomerates  is  shown  in  Fig.  4  as  a  function  of 
the  sintering  temperature  for  four  different  initial  size  classes.  A  steep  decrease  occurs  at  70  °C 
and  ends  at  300  ”0  For  higher  temperatures  the  size  stays  constant  in  agreement  with  the  results 
by  Schmidt-Ott  [2],  who  showed  by  TEM  micrographs  that  at  300  °C  the  agglomerates  reached 
a  close-packed  state  with  D/=  3.  In  the  following,  the  diameter  of  the  close-packed  clusters  will 
be  called  d^,.  Assuming  that  the  total  number  of  primary  panicles  per  agglomerate  N  does  not 
change  during  the  reanangement  (mass  conservation  per  agglomerate),  eq.  (3)  can  be  used  to 
relate  the  condensed  state  of  the  agglomerate  to  any  lower  density  arrangement. 

According  to  eq.  (3),  the  slope  in  a  double  logarithmic  plot  of  vs.  d^,  gives  3/D^ .  Values 
of  Df  for  Ag  agglomerates  are  shown  in  Fig.  5  as  a  function  of  the  temperature  for  a  sintering 
time  of  5.28  s  at  room  temperature.  Using  eqs.  (2)  and  (4),  the  natural  logarithm  of  the  relative 
change  in  the  coordination  number  is  calculated  and  shown  in  Fig.6  as  a  function  of  1/kT  for  Ag 
agglomerates.  The  slope  of  the  curve  gives  the  bond  energy.  The  good  correlation  of  the  data 
with  a  straight  line  is  consistent  with  assumption  (a)  above.  Data  for  Ag  agglomerates  which 
differ  only  in  the  sintering  time,  fall  on  the  same  curve  within  the  experimental  error.  Tliis  result 
was  also  found  for  Cu  agglomerates  with  different  sintering  times,  consistent  with  our  model. 
Using  the  same  procedure,  the  data  for  Ag  and  Cu  agglomerates  produced  with  a  tube  furnace 
at  various  conditions  were  evaluated,  and  the  results  are  shown  in  Table  1.  The  size  distributions 
of  the  primary  particles  were  determined  from  image  analysis  of  TEM  micrographs.  Geometric 
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standard  deviations  for  Cu  and  Ag  panicles  were  1.03  and  1.10,  respectively.  The  diameters  given 
in  Table  I  correspond  to  the  count  median  diameter  of  the  size  distributions. 


l*C',  temp«r*»ijr*  j'C! 


Fig.  4:  Mobility  diameter  of  silver  Fig.  5:  Fractal-like  dimension  of  silver 

agglomerates  as  a  function  of  the  agglomerates  as  a  function  of 

sintering  temperature  for  four  different  sintering  temperature, 

size  classes. 


The  results  for  Ag  agglomerates  produced 
by  spark  discharges  [6]  and  for  Ag 
agglomerates  [2]  are  also  shown  in  Table  I. 
Although  the  particles  were  produced  by 
different  tecfiniqucs,  for  nearly  equal  pnmary 
particle  sizes  the  bond  energies  agree  within 
a  few  percent.  No  significant  differences 
between  the  bond  energies  of  Cu  particles 
produced  in  high  purity  Nj  (99.999%)  and  in 
industrial  Nj  (99,7%)  were  found.  We  are 
currently  studying  the  effects  of  trace  gas 
concentrations  and  particle  size  on  the  bond 
energy.  It  is  interesting  to  note  that  the 
agglomerate  size  (or  the  number  of  primary 
particles  per  agglomerate)  did  not  affect  the 
bond  energies.  This  is  consistent  with  the 
assumption  of  short  range  interaction  forces. 
The  values  for  the  bond  energies  are  of  the 
order  of  magnitude  expected  from  the 
Hamaker  constant  for  bulk  Ag  and  Cu.  This  is 
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6:  Natural  logarithm  of  the  relative 
change  in  the  coordination  number  vs. 
1/kT  for  silver  agglomerates. 


consistent  with  assumption  (b)  above.  However,  for  silver,  experiments  showing  enhanced 
coagulation  rates  for  small  silver  particles,  indicate  that  attractive  energies  are  at  least  four  orders 
of  magnitude  higher  than  expected  from  the  bulk  behavior  (7,8].  Further  experiments  are  needed 
to  determine  the  cause  of  these  disagreements. 
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Table  I: 


uu.iJ  energies  and  pi'mary  particle  diameters  for  Cu  and  Ag  panicles.  The  three 
temperatures  correspond  to  the  three  heating  zones  of  the  furnace. 


material 

gas  (purity  [%)) 

l°Cl 

do  (nml 

eb«a[10“’J) 

Cu 

N,  (99.999) 

1146/1200/1200 

10.8 

-  8.0 

Cu 

Nj  (99.7) 

1138/1200/1148 

6.3 

-  5.0 

Ag 

Nj  (99.7) 

644/1050/  1050 

15,6 

-  10.6 

Ag  121 

N. 

1000 

15.0 

-  11.0 

Ag  16] 

Ar  (99.999) 

spark  dischaiges 

8.5 

-  5.7 

CONCLLSIONS 

An  experimeivtal  method  of  determining  in  situ  the  bond  energy  between  tianosized  panicles 
has  been  developed  and  tested  on  Ag  and  Cu  agglomerates.  The  experimental  results  are 
consistent  with  a  theoretical  analysis  of  the  kinetics  of  rearrangement.  For  both  materials  the 
calculated  bond  energy  is  of  the  order  of  magnitude  expected  from  Hamaker  constant  of  the  bulk 
material.  Ttiis  means  that  the  restructuring  of  weakly  bonded  primary  panicles  is  adequaii.ly 
described  by  our  method. 
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AB.STRACT 

Nanograined  materials,  w.th  gram  sizes  in  the  range  of  1  20  nm.  shihn 
s'gnificant  enhancement  oi  grain  boundary  dependent  properties  such  as  yield  strengiii, 
intergranular  fracture  toughness,  grain  boundary  diffusivity,  specific  heat  and  thermal 
expansion  coetficienl  Measurements  by  inui;  '  tcchmciuCS  suggest  that  the  grain 
(nHindanes  in  nanophase  materials  are  structurally  different  from  the  boundaries  in  then 
conventional  polycrystal  counterparts.  Exploratory  HRTEM  oh.servalions,  on  the  other 
hand,  ttidtcate  that  the  gram  boundary  structure  in  nanophase  materials  is  the  same  as 
that  found  in  grain  boundaries  in  conventional  poiycrystals.  This  paper  reports  an 
tIK TE.M  investigation  of  the  microstriicturc  in  electrodeposited  naniKTystalline  inc)  Ni- 
lut  'iP  alloy  These  observations  reveal  the  presence  of  about  S-10  vol  V,  porosity  in 
the  microstiuciure  There  is  also  evidence  for  the  presence  of  an  amorphous  phase  at 
some  grain  fxiundartes  and  triple  junctions.  A  comparison  of  grain  boundary  siriiclurcs 
with  boundaries  in  conventional  materials  .iigge.sts  that  gram  boundaries  in  the  nc  Ni-P 
alloy  are.  lor  the  most  pan,  normal. 

INTRODKITON 

Nanograined  materials  exhibit  enhanced  or  novel  mechanicai  and  physical 
properties  such  as  as  yield  strength  |1|,  intergranular  fracture  toughness  |2|. 
superplaslicily  j.V4j.  gram  boundiuy  diffusivity  15,6j.  optical  17,X|  and  magnetic 
properties  |8  10|.  The  non-eijuilibrium  nature  of  the  processing  of  these  materials  allows 
foniialion  of  supersaturated  solid  solution  and  even  alloying  among  iionnally  immiscible 
components  |11-!S|  Thus  a  wide  range  of  solid  solution  alloys  which  caimoi  be 
produced  by  conventional  routes  can  be  made  in  nanocryslalline  form.  Besides  being 

technologically  important,  these  materials  are  also  of  great  academic  interest  rhen 

desirable  properties  have  generated  research  interest  in  exploring  the 
microslruciurc/chcmical  lomposiiioii/processing/propeny  relationships  of  these  novel 
materials. 

Vai.ous  direct  and  indirect  techniques  of  characterization  have  been  u.^ed  in 

previous  work  to  probe  the  microstructure  of  iiamxrystalline  materials  Indirect 

techniques  include  X-ray  diffraction  |IV|,  Positron  Annihilation  Spectroscopy  (PAS) 
|20|,  Mossbauer  spectroscopy  |2I|.  Small  Angle  Neutron  .Scattering  (SANS)  |22)  and 
lixiended  X  ray  Absorption  l  ine  Structure  (EXAFSj  |23|.  The  results  of  these  indirect 
studies  suggest  that  the  naniKTystalline  microstruciure  consi.sts  of  small  grains  of 
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conventional  crystalline  material  embedded  in  a  large  volume  traction  of  compleicly 
disordered  (lacking  even  short  range  order)  material  (fig.  1 ). 


Fig.  I  Two  dimensional  atomic  model  of  the  structure  of  a  naniKrystallinc  material  I'he 
attmis  in  the  centers  of  the  cry.sial  arc  indicated  in  black.  The  ones  in  the  boundary  core 
regions  are  represented  by  open  circles  |4|. 

However,  direct  microstructiiral  studies  by  lattice  imaging  using  the  High 
Re.solulion  tieciron  .Microsi  ope  (HRK.M)  are  very  few  in  number  |24.  25|  and 
inconsistent  The  HRTFM  studies  of  Wunderlich  et  al.  |24|  on  as-prepared  nc-Pd, 
produced  by  the  inert  gas  condensation  technique,  suggest  a  highly  non-equilibruim 
microstructure  w  ith  large  internal  stresses  as  manifested  by  a  large  density  of  dislix’ations 
I  l(HVm-),  twins,  low  angle  grain  boundaries  and  extended  gram  Unindarics.  The  low 
density  of  nc  Fd  was  attributed  to  the  residual  porosity  in  the  microstructure  even  after 
prixessing  and  to  the  extended  grain  boundary  structure.  However  upon  annealing,  the 
low  angle  gram  boundaries  completely  vanished  and  therefore  the  diskxation  density 
decreased.  This  explains  the  one  possible  role  of  processing  and  post-prtxess  treatment  in 
intliiencing  the  microstructure  and  therefore  the  structure  dependent  properties  in 
nanograined  materials.  The  HRTFM  re.sults  of  Thomas  et  al.  |2.'i|  on  nc-Pd.  also 
prepared  by  the  inert  gas  condensation  technique,  are  contrary  to  the  previous 
observations  |24|  Their  study  |2.‘'l  suggests  that  there  is  completely  normal,  relaxed 
grain  boundary  structure  in  nc-Pd.  The  microstructure  was  also  found  to  he  free  of 
dislocations  or  any  residual  elasuc  strain. 

Further  evidence  for  the  non-equilibrium  nature  of  microstructure  in  materials 
prcxiuced  by  the  inert  gas  condensation  technique  is  available  from  the  work  of  Tschope 
el  al  |26|.  Their  calorimetric  measurements  on  as-prepared  nc  Pi  suggest  the  presence  of 
unrelaxed  gram  boundaries  and/or  internal  strains  in  the  microstructure  in  agreement 
with  the  HR  TFM  results  of  Wunderlich  et  al.  |24|.  There  is  still  a  lack  of  understanding 
as  to  how  the  different  structural  features  such  as  non-equilibrium  nature  of  grain 
Ixiundarics.  residual  strain,  twosity.  solute  segregation,  texture  etc.  influence  the 
properties.  In  most  cases,  the  microstructiiral  characterization  is  not  performed  on  the 
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same  material  which  is  used  for  properly  tests  thus  further  complicating  the  task  ol 
gaining  fundamental  understanding.  As  a  result,  ambiguities  aniong  ihe 
mechanical/physical  property  data  are  prevalent  and  the  structure  property-proccssing 
relationship  in  nanograined  materials  is  still  far  from  complete.  There  is  also  a  dearth  of 
data  on  microstructural  characterization  and  property  measurements  in  nanograined 
materials  produced  by  other  techniques. 

This  paper  reports  HRTtM  observations  of  microstructural  features  in  nc  Ni 
I  w't.';f  P.  produced  by  electrodeposition. 

EXPERtMENTAL 

The  nc  Ni-lwi.%P  samples  used  in  this  study  were  made  by  elecirodeposition. 
The  thin  TEM  foils  of  these  samples  were  prepared  using  the  twin  jet  electropolishing 
technique  at  a  temperature  of  -20  C.  A  solution  of  nitric  acid  and  methanol  mixed  in  1 :2 
ratio  was  used  as  an  electrolyte.  The  microscopy  work  was  perfonned  using  a  MX)  keV . 
Philips  CM^O  High  Resolution  TEM. 

RESl  US 


Tig.  2(a)  is  a  low  magnification  micrograph  providing  an  overview  ol  ihe 
microstructural  inhomogeneities  present  in  nc  Ni-lwt.%P  alloy. 


Fig,  2  (a)  Microstructural  inhomogeneities  in  nc  Ni-lwt.%P  showing  contrast  features, 
marked  as  S,  which  may  be  voids  or  amorphous  inclusions,  and  a  pocket  of  amorphous 
phase  embedded  in  the  tr.ple  junction,  marked  as  T.  (b)  An  enlarged  view  of  the  inset  in 
fig.  ;iii). 


The  microstructiire  has  a  granularity  with  a  length  scale  of  the  order  of  .Sum  li 
consists  of  crystalline  regions  showing  lattice  fringes,  and  other  co,  ,.ast  imxlulations. 
These  contrast  modulations  such  as  that  marked  S  are  round  in  shape  and  could  be  open 
porosity  or  more  likely  regions  of  amorphous  phase.  These  contrast  features  iKcupy 
between  abtiut  S  to  lO'/f  of  the  microstructure  of  the  nanocrystalline  material.  Also 
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shown  in  the  micrograph  is  a  pocket  of  amorphous  phase  embedded  in  the  triple  junction 
marked  f.  Fig.  2(b)  shows  an  enlarged  view  of  the  region  T  marked  in  the  fig  2{a)  It 
has  been  found  that  small  pockets  of  amorphous  phase  randomly  dispersed  in  the 
microstructure  are  commonplace  in  this  material. 

Fig.  ^  (a-d)  show  the  HRTEM  images  of  a  variety  of  grain  boundary  structures  in 
nc  Ni- 1  wt.  %  P  alloy. 


Fig.  3(a-d)  HRTEM  micrographs  of  grain  boundaries  in  nc  Ni-lwt.%P. 

Micrograph  ,3(a)  shows  two  grains  (labelled  as  A  and  B  respectively)  separated  b> 
a  low  angle  grain  boundary.  A  set  of  (111)  planes  is  imaged;  these  are  misoriented  by 
about  9  degrees  The  electron  beam  direction  is  close  to  <1 10>  in  brnh  grains.  It  can  he 
seen  that  the  ( 1 1 1 )  lattice  fringes  in  both  grains  extend  all  the  way  upto  the  edges  of  the 
grain  with  an  abrupt  change  of  orientation  across  the  grain  boundary.  I'here  is  no  direct 
evidence  for  an  extended  grain  boundary  region.  Fig.  3(b)  from  a  thicker  region  of  the 
sample  shows  a  2i9/(22l)  symmetrical  tilt  grain  boundary  (shown  by  an  arrow).  The 
parallel  fringes  observed  in  (he  adjacent  grains  are  from  the  (111)  planes  The 
micrograph  also  shows  several  sets  of  moire  fringes  due  to  the  overlap  of  grains  along 
(he  beam  direction.  Fig.  .3(c)  is  an  HRTEM  micrograph  showing  several  low  angle  gram 


340 


houiidurics  aiKl  ihc  asMUialcil  disUK'alioiiN  Micnigrapli  <id)  sliows  a  laltin.’  di\lih..iln>ii 
and  Irinjie  hcndint:  arisiiii!  Iniiii  itic  displacciiiciu  ticld  associaicd  wiih  il 

The  average  grain  si/e  ol  Ni  lwt  %P  alloy  as  measured  by  ihe  linear  imereei'i 
method  was  about  1(1  nm.  However,  a  signil'icant  degree  of  inhomogeneiiy  in  the  gram 
size  was  observed.  Grain  sizes  ranged  from  .Sum  upto  20  nm.  The  diffraetion  palierii  of 
Ni-lwt,%P  gave  sharp  rings  of  Ihe  f  e  e  Ni.  The  absence  of  diffraetion  rings 
corresponding  to  Ni3P  rerteetions  suggests  that  phosphorus  is  present  either  in  the  solid 
solution  form  in  the  nickel  or  resides  in  segregated  form  along  grain  boundaries.  The 
equilibrium  solid  solubility  of  phosphorus  in  nickel  at  room  temperature  is  less  than  0.01 
wt.  %.  A  simple  calculation  indicates  that  .segregation  of  a  monolayer  of  phosphorus 
along  the  grain  boundary  in  10  nm  average  grain  size  material  would  accommodate 
phosphorus  level  of  only  0.3  atomic  percent.  It  therefore  appears  that  most  of  the 
phosphorus  exists  in  supersaturated  solid  solution. 

DISCLSSION 

The  observations  described  above  show  that  a  wide  variety  of  features  are  various 
kinds  of  microstructural  inhomogeneities  in  the  Ni-lwt.ffP  alloy.  The  existence  of 
porosity  and/or  amorphous  phase  along  gram  boundaries  and  triple  junctions  are  likely  to 
affect  significantly  the  grain  boundary  dependent  material  properties  such  as  yield 
strength,  fracture  toughness,  creep  and  grain  boundary  sliding. 

HRTEM  observations  show  an  abundance  of  low  angle  grain  Ixiundaries  in  the 
microstructure  of  nc  Ni-lwt.%P.  These  have  the  dislocation  structure  expected  from  the 
Read-Shockley  model.  This  is  also  consistent  with  the  HRTEM  ob.servatioiis  of 
Wunderlich  et  al.  124|.  The  19/(221)  symmetrical  tilt  grain  boundary  appears  structurally 
very  similar  to  coincidence  related  boundaries  in  conventional  polycrystals  |27).  There  is 
no  evidence  for  an  extended  region  of  decreased  coordination  in  the  grain  boundary 
region  as  was  obser  -d  in  a  previous  study  |24|.  The  observation  of  a  lattice  dislocation 
within  a  grain  is  potc.^tially  significant  since  it  has  sometimes  been  argued  that  in 
nanocrystalline  matenal  the  erains  are  too  small  for  lattice  dislocations  to  be  present.  The 
investigation  of  the  mobility  of  the  observed  dislocation  remains  an  important  issue.  Also 
shown  in  fig  3(d)  is  a  small  facet  of  (111)  coherent  twin  boundary  There  is  a  perfect 
matching  of  atoms  along  the  twin  plane  as  expected.  Multiple  twins  were  also 
occasionally  observed  Such  multiple  twins  are  common  in  isolated  icosahedral  islands 
but  unusual  in  continuous  solid  films.  Thus,  apart  from  microstructural  inhomogeneities 
such  as  porosity  and  the  presence  of  an  amorphous  phase,  the  grain  boundary  structure  in 
nc  Ni-  Iwi.T! P  is  perfecily  normal 


GONtT.llSION 

I  hc  HRTEM  observalioiis  showed  conlrasl  fcalures  siiggcsling  ihc  cxisicncc  ol 
.imorphous  mclusions  and/or  porosity  in  the  microstructurc.  Pockets  of  .imor|ihous  phase 
■ilong  cr.nn  bound, iries  and  triple  lunclions  in  ihc  microsiructure  of  Ni-lwl  '.tP  alloy 
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were  also  observed.  The  presence  of  low  angle  grain  boundaries  and  lattice  dislocations 
indicate  a  normal  ntode  of  relaxation.  The  HRTEM  study  of  grain  boundaries  in  nc  Ni- 
lwt.7cP  suggests  that  gram  boundaries  in  nanophase  and  conventional  material  are  not 
distinct  apart  from  the  presence  of  amorphous  films  at  some  triple  junctions  and  coating 
some  boundaries. 
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ATOMISTIC  SIMULATION  OF  VAPOR-PHASE 
NANOPARTICLE  FORMATION. 


Michael  R.  Zachariah  and  Michael  J.  Carrier,  National  Institute  of 
Standards  and  Technology,  Gaithersburg,  Md;  and  Estela  Blaisten- 
Barojas,  George  Mason  University,  Fairfax,  Va 

Abstract 

In  order  to  understand  from  a  fundamental  view  how  nanoparticles  form  and  grow, 
classical  molecular  dynamics  simulations  of  cluster  growth  and  energy  accommodation 
processes  have  been  conducted  for  clusters  of  silicon  (  <  1000  atoms),  over  a  wide 
temperature  range.  Simulations  involved  solution  of  the  classical  equations  of  motion 
constrained  with  the  three  body  Stillinger- Weber  potential.  The  results  show  the  large 
heat  release  and  resulting  cluster  heating  during  a  cluster-cluster  collision  event,  and  the 
corresponding  time  evolution  of  the  internal  energy  to  a  more  stable  state.  Dynamic 
effects  associated  with  the  temperature  of  the  cluster  and  the  impact  parameter  are  also 
clearly  evident.  In  particular,  clusters  show  a  large  sensitivity  to  temperature  in  the  rate 
of  coalescence,  particularly  at  low  temperature.  Calculated  diffusion  coefficients  are 
significantly  larger  than  surface  diffusion  constants  stated  in  the  literature.  Phonon 
density  of  states  spectra  do  not  seem  to  show  size  effects. 

Introduction 

Nano-scale  materials  have  the  potential  for  accessing  material  properties  that  can  be 
varied  through  control  of  particle  size.  One  of  the  limitations  in  rapid  use  of  such 
materials  is  an  understanding  of  the  size  dependent  properties  such  materials  have  .  The 
other  limitation  is  the  relative  difficulty  in  the  characterization  of  very  ‘:mall  clusters  and 
the  ability  to  control  their  growth.  Vapor  pha.se  growth  of  small  clusters  is  perhaps  the 
most  robust  method  of  producing  bulk  quantities  of  such  materials  [1-4].  However, 
many  questions  and  challenges  remain,  including  control  of  growth,  and  a  knowledge 
of  chemical  reactivity  and  transport  properties. 

Computation  Method 

The  approach  used  in  this  work  is  to  apply  an  atomistic  simulation  using  classical 
molecular  dynamics  (MD)  methods  [5-7].  Computations  were  conducted  using  the 
three  body  formulation  of  the  .silicon  potential  proposed  by  Stillinger  and  Weber  (SW) 
[8].  The  three  body  formulation  provides  the  mechanism  by  which  the  directional 
nature  of  the  bonding  can  be  realistically  simulated.  While  many  potentials  are  available 
to  simulate  silicon,  the  SW  potential  was  chosen  because  it  accurately  predicts  bulk 
melting  characteristics.  Because  most  cluster  formation  processes  occur  at  high 
temperatures,  liquid  like  characteristics  should  play  an  important  role  in  any  de.scription 
of  cluster  growth.  Classical  MD  was  conducted  by  solving  the  Newtonian  equations  of 
motion  with  a  time  step  of  5.7  x  lO  "*  ps.  All  simulations  were  started  by  first 
equilibrating  the  appropriate  .size  cluster  to  a  specified  temperature  prior  to  cluster 
collision.  Each  cluster  was  then  given  a  bulk  cluster  velocity  so  that  the  collision 
kinetic  energy  along  the  line  of  centers  of  the  clusters  corresponds  to  twice  the  thermal 
energy.  Both  head-on  and  large  impact  parameter  collisions  were  included. 

Bulk  vs  Surface  Properties 

The  size  dependent  properties  of  clusters  can  be  thought  to  arise  as  a  result  of  the 
rapid  change  in  the  surface  to  volume  ratio.  The  cluster  energy  can  be  fit  to  an 
expression  that  involves  a  bulk  and  a  surface  contribution  to  the  total  energy,  Ej. 
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Et  =  Xj  (Potential  +  Kinetic  Energy) 


i=l-N 


(1) 


Bulk  Surf 

■  E  ]  =  -Eh  N  +  Es  N2/^ 


(2) 


Fig  1.  shows  the  result  of  fitting  the  total  energy  to  a  bulk  and  surface  energy 
contribution  as  expressed  in  equation  2.  The  results  clearly  show  that  the  calculated 
results  can  be  fit  quite  nicely  to  such  an  expression.  The  bulk  energy  term  becomes 
more  negative  as  the  cluster  size  is  increased  (becoming  more  stable)  while  the  surface 
term  shows  a  shallow  positive  term.  The  ratio  of  bulk  to  surface  energy  for  the  two 
temperatures  indicates  the  relative  importance  as  a  function  of  both  temperature  and 
cluster  size.  The  results  show  that  increasing  temperature  causes  a  decrease  in  the 
E(Bulk)/E(Surf)  as  average  bond  length  increases  and  results  in  an  increase  in  the  bulk 
energy  (potential  energy  ).  Increasing  cluster  size  decreases  the  surface  to  volume  ratio 
and  results  in  a  decrease  in  the  relative  importance  of  the  surface  energy.  Under  all 
conditions  calculated  here  E,  <  0,  which  implies  the  cluster  was  always  stable. 
Extrapolating  the  2000  K  results  to  Ej  =  0  occurs  at  N  <  1;  i.e  all  cluster  sizes  below  at 
least  2000  K  are  unconditionally  stable. 


Fig.  1  Contribution  of  bulk  and  surface  energy  terms  to  the  total  cluster  energy  at 
600  K  and  2000  K 


The  approach  to  bulk  behavior  is  one  of  the  most  interesting  aspects  to  the 
understanding  of  nanostructured  materials.  These  would  include  mechanical,  optical, 
and  chemical  properties.  One  aspect  of  this  approach  to  bulk  behavior  is  the  average 
binding  energy  of  atoms  as  a  function  of  particle  size.  Fig  2.  shows  the  approach  to 
bulk  behavior  as  the  derivative  of  the  potential  energy  per  atom  with  respect  to  cluster 
size.  This  effective  gives  a  measure  of  the  incremental  increase  in  binding  energy  upon 
addition  of  an  atom  to  the  cluster.  As  seen  in  Fig.  2  the  atomic  binding  energy  in  the 
cluster  rapidly  reaches  an  asymptotic  behavior  by  1000  atoms.  This  is  one  measure  of 
the  approach  to  bulk  behavior. 
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Fig  3,  shows  the  phonon  density  of  states  as  a  function  of  cluster  size  at  a 
temperature  of  2000  K.  The  spectra  show  the  two  dominant  modes  found  in  bulk 
silicon  (acoustic  -  150cm  ';  optical-  400  cm'').  However,  we  do  not  observe  any  size 
dependent  structure  and  in  fact  the  spectra  basically  track  what  is  observed  for  bulk 
silicon.  In  contrast,  some  of  our  prior  calculations  on  temperature  dependance  have 
shown  a  softening  of  the  modes  to  lower  f;f4iiicricie,s  as  temperature  increases  [7). 
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Cluster  Growth 

Cluster  aggregation  processes  have  been  investigated  by  colliding  equilibrated 
clusters  at  various  temperatures  and  sizes  (  15  <  N  <  480;  600  <  T  <  2000  K).  Cluster 
collisions  were  conducted  under  thermal  energy  collision  conditions,  i.e.  clusters  were 
given  relative  collision  energies  commensurate  with  the  temperature  of  the  cluster.  The 
result  of  a  cluster-cluster  collision  is  the  formation  of  new  bonds  for  surface  atoms.  The 
decrease  in  the  number  of  surface  dangling  bonds  lowers  the  potential  energy  and 
through  conservation  of  energy,  results  in  heating  of  the  cluster  (increase  in  thermal 
energy  of  the  atoms).  The  extent  of  cluster  heating  is  shown  for  different  cluster  sizes 
as  a  function  of  initial  cluster  temperature  in  Fig  4.  The  general  trends  observed  are  that 
smaller  clusters  have  greater  heat  release  resulting  from  a  higher  fraction  of  unsatisfied 
dangling  bonds.  Clusters  with  higher  initial  temperature  have  greater  heat  release.  This 
is  probably  due  to  the  higher  energy  state  of  the  surface  atoms  in  a  hotter  cluster. 
Grazing  collisions  result  in  smaller  heat  release  as  some  of  the  eucigy  goes  into  the 
angular  momentum  of  the  resulting  cluster.  In  all  cases,  the  collisions  were  reactive;  i.e 
sticking  coefficient  =  1 .  This  is  in  contrast  to  small  cluster  nucleation  which  can  show 
nucleation  kinetics  that  are  well  below  gas  kinetic  collision  rates  [9]. 


Fig.  4  Cluster  temperature  rise  during  cluster  giviwth;  head  on  encounter 

One  of  the  most  important  issues  facing  vapur  phase  growth  of  nano-particles  is  the 
problem  of  aggregate  formation.  The  most  desirable  morphologies  are  spherical  or  soft 
agglomerates.  Since  coalescence  (sintering)  processes  are  ongoing  during  nucleation 
and  growth,  control  requires  an  understanding  of  the  time  scales  and  basic  physics 
behind  sintering  of  nanoparticles.  Our  dynamic  simulations  can  track  the  evolution  of 
particle  morphology  during  a  cluster-cluster  encounter.  The  results  can  be  expressed  in 
many  forms.  For  the  purposes  here  were  show  in  Fig.  5  the  time  required  for  two  cluster 
to  coalesce,  as  a  function  of  particle  size  and  initial  temperature.  The  results  clearly 
indicate  that  cluster  coalescence  is  very  temperature  sensitive.  Coalescence  times  at  the 
lower  temperatures  are  very  size  sensitive,  with  the  larger  clusters  showing  the  slowest 
coalescence  rates.  At  higher  temperatures  (above  1200  K)  cluster  coalescence  times  are 
independent  of  size.  In  general,  melted  or  near  melted  clusters  coalesce  spontaneously. 
While  not  shown  here,  calculations  show  that  the  melting  temperature  is  well  below  the 
bulk  value. 
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Fig.  5  Cluster  coalescence  times  as  various  cluster  sizes  and  initial  temperature. 

Cluster  morphology  changes  resulting  from  sintering  processes  can  be  thought  of  as 
occurring  through  movement  of  atoms  via  atomic  diffusion.  Molecular  dynamics 
computations  lend  themselves  naturally  to  the  calculation  of  diffusion  constants. 
Figure  6  shows  calculations  of  the  mean  square  displacement  (MSD)  of  atoms  in  a  480 
atom  cluster  (at  600,  1200  and  2000  K)  as  a  function  of  time.  The  diffusion  coefficient 
can  then  be  calculated  from  the  initial  slope  of  the  MSD  curves  by  the  usual  Einstein 
lelatioii  tcq.  4). 


MSD  =<lr,(t)- ri(0)l2  > 


(3) 


D  =  1/6  [initial  slope  of  MSD] 


(4) 


Fig.  6  Mean  square  displacement  of  atoms  as  a  function  of  time;  D=slope/6 
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Because  clusters  of  this  size  are  esseniially  composed  of  surface  rather  than  volume 
type  atoms,  comparison  with  experiment  is  most  appropriate  with  surface  self-diffusion 
data.  Unfortunately  such  data  is  scarce  and  of  questionable  accuracy.  T*!  i?i  n  direct 
measurement  has  been  made  by  Makowiecki  and  Holt  [10]  who  repe.'ed  :  silicon 
surface  diffusion  constant  of  4x10-*  cm^/s  at  1000  K.  A  cuive  fit  of  our  data  showed  a 
diffusion  constant  at  1000  K  of  5  x  10"*  cm^/s  which  is  significantly  larger  than  the 
experimental  results.  At  this  time  there  is  no  obvious  way  to  access  this  discrepancy. 
Certainly,  it  is  well  known  that  the  Stillinger- Weber  potential  under  predicts  the  binding 
energy  in  bulk  silicon.  This  would  tend  to  decrease  the  computed  surface  diffusion 
coefficient  constant. 

Conclusion 

.Atomistic  simulations  utilizing  classical  MD  methods  have  been  used  to  characterize 
the  characteristics  of  equilibrium  and  kinetic  properties  of  large  silicon  clusters 
undergoing  grov/th  via  cluster-cluster  collisions.  The  results  show  that  the  binding 
energy  of  clusters  increases  with  cluster  size  and  decreases  with  cluster  temperature. 
Phonon  density  of  states  for  liquid  silicon  clusters  were  found  to  be  insensitive  to  size 
and  similar  to  the  bulk.  Cluster  kinetics  indicate  that  significant  heal  release  occurs  as  a 
result  of  new  bond  formation.  Cluster  morphology  effects  similar  to  those  observed  in 
nanophase  particle  processing  are  also  evident.  In  particular,  cluster  coalescence  is  very 
sensitive  to  temperature  below  1000  K.  Mean  square  di.splacement  calculations  have 
been  used  to  deduce  diffusion  constants,  a  comparison  of  which  with  experimental 
results  for  surface  diffusion  shows  considerable  discrepancy.  Future  work  will  be  aimed 
at  correlating  these  observations  to  scaling  laws  that  can  he  applied  to 
phenomenological  models  of  panicle  growth. 
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ABSTRACT 

We  present  a  computer  simulation  study  of  thin  crystalline  multilavers  constructed  Irom 
two  FCC  solids  with  differing  lattice  constants  and  binding  energies  Both  materials  are 
described  by  Lennard-Jones  interatomic  potentials  and  iniliaily  have  the  same  orientation  and 
coherent  interfaces  We  have  studied  systems  in  which  interfaces  are  perpendicular  to  the 
common  1 100)  and  1 1 1 1 1  directions,  rcspecnvcly.  A  novel  technique  for  analyzing  locai  atomic 
ordering,  Common  Neighbor  Analysis,  is  used  to  identify  structural  characteristics  in  the.sc 
s\  siem.s.  We  have  found" several  structural  changes  in  the  layers  of  smaller  atoms,  including  an 
ECC  to  HCP  transition  In  a  system  with  (111)  texture,  a  coherent  interface  to  incoherent 
interface  transformation  is  observed.  Calculations  of  elastic  constants  of  these  multilayer 
structures  show  that  elastic  anomalies  are  associated  with  the  structural  variations. 


INTRODUCTION 

Recent  insestigations  of  possible  enhancement  of  mechanical,  electrical  and  magnetic 
properties  ot  composition-modulated  superlattices,  including  the  so-called  "super-modulus 
effect  1 1  -b),  have  j.ciicrated  a  great  deal  of  interest  in  metallic  multilayers.  Due  to  'he  small  size 
and  complicated  geometry  ,  experimental  study  of  the  structural  properties  oflhe.se  materials  is 
difficult.  The  nanoscale  dimensions  of  these  systems,  however,  provide  an  excellent  opportunity 
for  applying  computer  simulation  methods  such  as  molecular  dynamics  which,  due  to  the  large 
amount  of  computation  involved,  have  to  he  used  on  systems  that  are  cither  naturally  or 
artificially  reduced  to  a  manageable  size. 

Structural  phase  transitions  m  single  crystals  due  to  external  stress  have  been  studied 
extensively  17-10).  When  two  different  crystalline  materials  with  different  lattice  constants  are 
brouebt  topeiher  to  form  an  interface,  a  certain  amount  of  strain  exists  to  accommodate  the 
different  sizes  of  these  two  atomic  structures.  This  strain  can  affect,  or  even  alter,  the  structure 
and  properties  of  the  layered  materials.  This  is.  to  some  degree,  similar  to  the  structural  pha.se 
transitions  in  single  crystals  subject  to  external  stresses.  The  characteristics  of  layered  materials, 
however,  are  intimately  related  to  the  planar  geometry  and  nanoscale  dimensions  of  the 
interfaces.  Experimentally,  Pizzini  et  al.  [11)  have  found  that,  for  a  Cp/Cu  (111)  textured 
multilayer  system,  as  the  modulation  wavelength  is  increased  past  about  70  A  the  initially  ordered 
FCC  structure  of  the  smaller  Co  atoms  begins  to  develop  stacking  faults  and  associated  local 
HCP  structures.  For  a  Co-Cr  superlaltice,  Vavra  et  al.  (12)  found  an  abrupt  structural  transition 
from  a  close-packed  structure  to  BCC  in  the  Cr  layers.  When  Co  is  layered  with  Pt,  at  a  thickness 
of  greater  than  4  A.  it  transforms  to  an  HCP  structure  and  lattice  coherence  between  layers  is  lost 
with  a  great  number  of  defects  in  the  layers.  The  lattice  mismatch  in  this  case  is  about  1 1  %  ( 1 3). 
A  considerable  amount  of  work  has  been  done  to  elucidate  the  relationship  between  structural 
properties  and  elastic  anomalies  in  metallic  superlattices  (14,15). 

Computer  .studies  involving  an  embedded-atom  empirical  potential  (EAM)  for  a  Au/Ni 
alternating  layer  system  with  a  lattice  mismatch  of  13%  have  shown  that  the  Ni  layer  undergoes  a 
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'-iructural  inmstormaiion  from  ils  normal  FCC  structure  to  an  HCP  structure  |16|.  A  t'u/Ni 
layered  stsiciii  with  a  2.7%  lattice  mismatch,  however,  shows  no  such  structural  anomaly  In 
order  U)  elucidate  the  el'lects  ol  laliice  mismatch  on  the  structure  and  elastic  properties  of 
multilay  ers  in  a  systematic  manner,  we  have  earned  out  molecular  dynainics  simulations  of  model 
iiuiltil.iy  cr  systems  using  a  generic  Lennard-Jones-type  pair  potential  and  monitored  our  systems 
through  a  range  of  lattice  mismatches  frttm  0'S  to  20%-.  For  the  systems  with  (100)  texture,  we 
arc  able  to  identify  several  significant  sin.  ttiral  changes  involving  creation  of  stacking  faults  at 
/en>  temperature  in  the  layers  of  smaller  atoms  for  mismatches  ranging  from  ‘)'S  to  I  V  i  .Around 
14'r  mismatch,  a  tr.insition  to  HCP  assiKiated  with  a  dramatic  relief  of  strain  is  observed  in  the 
material  of  smaller  lattice  parameters  In  a  system  w  ith  (III)  texture,  on  the  other  hand,  we  have 
observed  a  transition  from  coherent  interfaces  to  incoherent  ones  with  significant  disordering  in 
the  layers  ol  sinaller  atoms  The  calculated  elastic  constants  of  these  systems  also  dirccilv  renccl 
these  stnictural  variations. 


THE  SYSTEMS 

The  multilayer  sy  stem  in  our  simulation  of  the  (HKI)  texture  consists  of  1  152  atoms 
arranged  in  an  FCC  configuration  consisting  of  .16  layers  with  M  atoms  per  layer.  Alternating 
materials  24  and  12  atomic  layers  thick,  hereafter  referred  to  as  materials  A  and  B  respectively, 
are  assembled  w  ith  no  relative  crystallographic  misorientation.  The  interfaces  are  perpendicular  to 
the  common  ( l(K)|  directions.  Periodic  boundary  conditions  are  used  in  all  three  dimensions.  For 
the  stikiy  of  t  i  I  I )  textured  multilayers,  two  sy.slems  are  u.sed.  fiie  first  is  a  system  of  .46  atomic 
planes  with  40  atoms  per  layer.  Again,  the  alternating  materials  were  of  24  and  1 2  atomic  layers 
thick.  The  second  had  27  atomic  planes,  each  having  50  atoms.  The  thickness  ratio  of  the 
alternating  layers  is  also  2: 1 .  Both  systems  arc  assembled  with  the  interfaces  perpendicular  to  the 
comnion  ( 1 1 1 1  direction. 

For  the  Lennard-Jvines  potential  we  have  used,  the  cutoff  radius,  rc.  is  chosen  to  be  2. .4(5. 
The  value  of  the  energy  parameter  £(AA)  is  chosen  to  be  twice  lhal  of  EtBB)  to  ensure  that 
maicnal  .A.  the  materia]  with  the  larger  lattice  constant,  remains  ,;olid  at  the  elevated  temperatures 
in  our  study  (171.  although  only  results  for  zero  temperature  are  reported  here.  The  lattice 
mismatch  between  the  two  materials  is  created  by  increasing  the  length  parameter  o(  AA)  up  to 
20';  w  ith  a  I  incremenl  while  holding  O(BB)  constant  at  a  reduced  value  of  1.0.  This  approach 
allows  us  to  study  systematically  the  effect  of  lattice  mismatch  on  the  two  materials.  The  length 
ptu-amelcr  of  the  unlike  interaction.  o(AB).  is  chosen  as  the  average  of  o(  AAl  and  0(BBi 


RESULTS  AND  DISCUSSION 

Structural  Variations  and  Ela.stie  Properties  of  ( 1001  Textured  Multilayers 

For  the  system  with  the  interfaces  perpendicular  to  the  1100]  orienlafion,  with  a  lattice 
mismatch  between  layers  less  than  Slfc.  the  structure  remains  characteristically  unchanged  despite 
an  increase  in  the  strain  energy  of  the  system.  However,  when  the  mismatch  is  greater  than  8%. 
there  is  a  significant  variation  in  both  total  energy  and  volume  of  the  system,  indicating  a 
structural  change  in  the  layers.  Using  the  Common  Neighbor  (CN)  analysis  (18),  we  are  able  to 
identify  the  structural  change  corresponding  to  generation  of  stacking  faults  in  the  layers  of  B 
atoms. 

The  creation  u  stacking  faults  is  well  demonstrated  in  Figure  1  for  the  system  with  a  9% 
mismatch  Because  layer  A  maintains  its  original  FCC  structure,  for  a  better  illustration  only  the 
structure  of  layer  B  is  shown,  viewed  in  the  original  {101]  direction.  Atoms  with  different  local 
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I  (xMilinalii'iis  .IS  iniliLiitfil  by  (lie  CN  analysis  are  represented  in  diU'eient  shades  and  solid  lines 
eorresjiond  to  (he  stretched  bonds  idcniilled  by  a  subpcak  in  the  radial  distribution  runclion 
iKDI  )  ol  the  system.  This  is  a  structure  with  periodic  stacking  faults,  whose  slacking  seciucnce 
iiKi\  he  described  as  AHC'A''C'ABr''fJCAB— .  where  represents  a  fault.  We  have  verified 
tliai  the  form.ition  ofthis  structure  is  not  si/e  dependent. 


f  igure  1  -  Illustration  of  the  H  layer  in  the  systent  at  9%  mismatch,  viewed  in  the  |I0I] 
diieciion  Black  spheres  represent  atoms  identified  by  the  CN  analysis  as  in  an  IK'P 
ein  ironment  and  gray  ones  are  those  in  an  FC(’  environment, 


As  the  mismatch  ts  further  increased,  more  stacking  faults  arc  created  until  the  slacking 
ciiuence  is  -AB^A(3''AI'''AH''---.  wliich  is  an  IK'P  stacking,  though  much  distorted,  with  its 
basal  plane  .ilong  the  original  f  1 1 1 1  direction.  Then  around  I49{’  mismatch,  the  layer  u"Jcrgocs  a 
dramatic  transformation.  F-igure  2  shows  the  atomic  configuration  of  the  system  at  I4V('  mismatch 
viewed  in  ib.e  |f)IO|  direction  of  the  untransformed  l-CC  layer  A.  The  structure  of  the  layer  B  has 
clearly  changed  its  orientation  such  that  the  basal  plane  (()()()l )  is  now  parallel  to  the  FCC  (010) 
plane,  .ind  the  (ZfTO)  plane  to  the  ( 1(K))  plane  of  the  A  layer.  Accompanying  this  orienlatioii.ii 
change  is  also  a  significant  drop  in  volume  and  energy  of  the  system 

.A  similar  siiuctural  phase  transformation  in  the  layers  of  smaller  atoms  has  also  been 
observed  in  a  previous  computer  simulation  of  a  Au/Ni  multilayer  system  (with  l.^rf  mismatch) 
using  the  many-body  liAM  potential  f  I6|.  In  that  study,  the  Ni  layer  was  found  to  have  changed 
to  an  IK'P  structure  when  its  thickness  was  increased  beyond  four  monolayers,  while  the  Au 
l.iyer  maintained  its  I  CC  stiuclurc.  Correspondingly,  the  elastic  constants,  such  as  C'l  |  and 
Youngs  modulus,  were  also  found  to  increase  dramatically  while  C.14  weakened  once  the 
structural  change  of  the  Ni  layer  look  place. 

In  this  study,  we  have  also  calculated  (’|  |  of  the  system  using  a  finite  strain  method,  fhe 
lesiilts  are  plotted  in  Figure  .3  as  a  function  of  mismatch.  Initially,  as  the  mismatch  increases,  C|  | 
ilecieases  l  lien  corresponding  to  (he  generation  of  slacking  faults  at  mismatches  greater  than 
X'!  .  C|  I  increases  and  Ihicluates  due  to  the  stniciural  variations  in  this  regime.  Beyond  the  14',’ 
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Figure  2  -  lllustraiion  of  the  system  at  14%  mismatch.  The  B  atoms  in  the  center  layer  which 
arc  identified  as  HCP  atoms  are  in  black,  the  A  atoms  are  white.  Viewed  in  iO()l  |  direction  of 
the  FCC  structure. 


mismatch  where  the  layer  B  has 
transformed  to  an  FICP  structure,  the 
clastic  constant  has  a  steady  increase, 
indicating  a  strengthening  of  C 1 1 . 

We  point  out  that  such  calculations 
of  C'l  1  were  carried  out  earlier  for  a 
similar  Lennard-Jones  system  by  Phillpoi 
and  Wolf  (2|  in  a  study  of  the  "super- 
modulus  effect"  of  metallic  multilayers. 
They  afso  found  similar  behavior  of  the 
elastic  constant  as  lattice  mismatch 
changes,  which  had  a  turnabout  around 
12.5%.  Although  no  structural  correlation 
was  shown  and  discussed  in  that  study, 
this  phenomenon  is  consistent  with  what 
we  have  observed  in  our  simulations. 
Further  evidence  for  the  relationship 
between  structural  variations  and  clastic 
anonalies  has  been  found  in  experimental 
studies  [14,15]. 


%  MISMATCH 


Figure  3  -  Cl  1  vs  %  mismatch  for  (100) 
textured  multilayers 


Structural  Variations  and  Fdastic  Properties  of  1 1 1 1 1  Textured  Multilayers 

For  a  ( 1 1 1 )  textured  multilayer  system  with  an  initial  5x8  planar  atomic  arrangement  and 
the  B  layer  12  monolayers  thick,  there  is  a  structural  transformation  that  occurs  in  the  layers  of 
smaller  atoms  for  mismatches  larger  than  1 1  %.  Figure  4  shows  the  structure  of  a  .system  at  1 5% 
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F'igiirc  4  -  Illiistralion  of  sys(cm  with  interface  pcrpcntlicular  to  the  [  1 1 1 1  direction  a:  ISfr 
tnisniaich.  f  igure  shows  incoherent  interface  along  with  stacking  faults  and  local  disorder 
within  the  B  material.  Black  spheres  represent  UKal  HCP  structure,  white  FCC,  and  gray 
disordered  interfacial  structure. 


mismatch.  The  initially  coherent  interface 
now  tx'comcs  incoherent  with  considerable 
atomic  disorder  m  the  region.  Within  the 
hulk  of  the  B  layer,  there  are  stacking 
faults  generated,  similar  to  those  discussed 
above.  We  note  that  associated  with  this 
characteristic  stmctural  change  beginning 
at  around  11%  mismatch  is  a  dramatic- 
drop  in  the  energy  of  the  system. 

f'igurc  5  shows  the  effect  that  the 
coherent  to  incoherent  interface  transition 
has  on  the  mechanical  properties  of  the 
system.  Here,  Cj  |,  shown  as  a  function  of 
mismatch,  has  a  qualitative  change  of 
behavior  when  the  transformation  occurs  at 
11%  mismatch.  This  indicates  that  the 
mcoherency  and  disorder  in  the  interface 
region  contribute  to  the  elastic 
strengthening  of  the  multilayer,  consistent 
with  earlier  studies  [4,1.S|. 


%  MISMATCH 

Figure  5  -  Cl  I  vs  %  mismatch  for  (1 1 1) 
textured  multilayers 


However,  this  structural  change  is  not  unique,  it  is  dependent  on  the  atomic  arrangement 
and  system  si/c.  In  our  simulation  of  a  different  system  with  l.^%  mismatch  where  the  B  layer  is 
')  atomic  planes  thick  and  the  initial  planar  arrangement  as  .“SxlO,  an  HCF’ structure  is  formed  for 
the  B  layer,  similar  to  what  we  have  observed  alnnc  for  ( l(X))  textured  multilayers  at  mismatches 
larger  than  14';!'.  Ihc  basal  plane  is  now  parallel  to  tlic  l-CC  (2rT). 
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SUMMARY 


In  this  work  we  have  carried  out  a  study  of  the  structure  and  elastic  properties  of  nanoscale 
multilayered  systems.  We  used  a  Lennard-Jones  system  with  differing  sets  of  parameter  for  the 
two  materials  to  demonstrate  systematically  the  generic  effects  of  lattice  mismatches  on  the  layer 
structure  and  corresponding  elastic  responses. 

For  the  (100)  textured  multilayer  systems,  we  have  seen  stacking  faults  developing  in  the 
layers  of  smaller  atoms,  which  eventually  transformed  into  an  HCP  structure  at  even  larger 
mismatches.  For  the  { 1 1 1 )  textured  multilayer  systems,  we  have  found  in  one  system  a  transition 
around  1 1%  mismatch  from  a  coherent  interface  to  an  incoherent  interface,  together  with  the 
creation  of  stacking  faults  and  disorder,  while  m  another  system  of  diffent  sizes,  a  transition  from 
FCC  to  HCP  in  the  layers  of  smaller  atoms,  which  is  associated  with  considerable  shearing  of  the 
whole  system. 

Accompanying  these  structural  changes,  there  is  generally  a  strengthening  in  the  clastic 
constant,  C 1 1 ,  of  these  materials.  Calculations  of  more  elastic  constants  using  a  lattice  dynamics 
method  are  currently  underway  in  order  to  obtain  more  comprehensive  knowledge  of  these  clastic 
responses.  Further  studies  will  continue  to  provide  insight  into  the  relationship  between  structural 
\  iiriations  and  elastic  anomalies  in  metallic  multilayers. 
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APPLICATION  OF  FRACTALS  AND  KINETIC  EQUATION  IN  MODELLING 
CLUSTER  AND  ULTRAFINE  PARTICLE  SIZE  DISTRIBUTIONS 
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Deparmieni  of  Chemistry  and  the  Solid  Slate  Science  and  Technology  Program,  Syracuse 
University,  Syracuse,  New  York  13244-4100 

ABSTRACT 

VVe  briefly  describe  a  model  which  seems  to  be  applicable  to  a  variety  of  coalescence  growth 
systems.  Spanning  cluster  growth,  particle  growth  and  hillock  formation  in  thin  metal  films,  this 
rnodel  is  based  on  the  Smoluchowski  kinetic  equations  and  fractals.  We  describe  how  this  model 
has  been  able  to  suggest  the  effect  of  translatiorial  to  internal  energy  conversion  in  coalescing 
systems  in  determining  the  shape  of  particle  size  distributions.  We  also  suggest  how  this  mrxiel 
can  be  employed  to  account  for  the  behavior  of  hillocks  in  supersaturated  dJoy  films  under 
thermal  annealing  conditions. 

INTRODUCTION 

One  of  the  more  enticing  materials  science  oriented  applications  of  laser  chemistry  is  the 
synthesis  of  cluster  and  ultrafine  particles  using  organometallic  [  1 1  precursors.  Clusters  and 
ultrafine  particles  are  predicted  [2,3]  to  have  a  variety  of  unique  electrical  and  optical  properties 
which  allow  revealing  investigations  of  the  scaling  of  fundamental  properties  and  could  also 
allow  imponant  applications.  Models  (4,5)  exist  which  connect  the  distribution  of  cluster  sizes 
present  in  a  bulk  sample,  and  the  microscopic  properties  of  the  clusters,  to  the  electrical, 
mechanical  and  opticd  properties  of  the  bulk  material.  A  model  [6]  is  needed  to  connect  a 
particular  distribution  produced  to  the  particular  set  of  reaction  conditions  used  to  synthesize 
those  clusters.  Although  numerical  treatments  [7,8]  have  been  in  existence  tor  some  years  we 
desire  an  analytic  model  which  may  be  of  intuitive  value  in  addition  to  empirical  value.  The 
problem  is  complex  because  of  the  importance  of  multiple  kinetic  pathways  in  the  synthesis  of 
any  cluster  containing  more  than  a  few  monomers.  We  report  progress  in  exploring  the  utility  of 
a  model  based  on  the  Smoluchowski  equations.  As  an  illustration  of  its  potential  generality,  we 
also  mention  recent  progress  in  exploring  the  applicability  of  the  same  model  to  hillock  formation 
and  growth  in  thin  metal  films. 

The  model  is  presented  in  detail  elsewhere  19|  so  only  the  general  concepts  will  be  described 
here.  The  basic  idea  is  contained  in  the  Smoluchowski  equations  (1)  which  were  introduced  ( 10] 
in  the  context  of  colloidal  aggregation  and  solved  in  the  limit  of  cluster/particle  growth  in 


j  k  •  1  ^ 

^  =  7  I  '<j,k-jnjnk.j  -  ng  Z  Kj.gnj 
dt  2j  =  i  j=1 

chemical  solutions  in  1916.  Only  binary  collisions  are  considered  and  reaction  rates  are  calculated 
as  collision  frequencies  using  number  densities  and  cross  sections,  or  in  the  particular  language 
of  fractal  coalescence  studies,  number  densities  and  "kernels".  These  kernels  have  the  form  of 
second  order  rate  constants  which  connect  the  number  densities  of  the  different  cluster  sizes  to 
the  rate  of  coalescence  of  the  clusters  per  unit  time.  A  given  cluster  size  is  only  formed  by  the 
coalescence  of  smaller  clusters  and  is  destroyed  only  by  its  coalescence  with  other  clusters  to 
form  still  larger  ones.  This  is  a  mean-field  type  treatment  in  that  no  spatial  correlation  is 
presumed  to  exist  between  different  cluster  sizes. 

The  information  mediating  the  various  interactions  involved  in  aggregation  chemistry  is  contained 
in  these  kernels.  There  are  essentially  three  analytical  approaches  which  have  been  applied  to 
cluster  and  particle  formation.  Each  leads  to  a  theory  which  relies  on  basic  input  parameters  taken 
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from  one  limit  in  the  problem.  Using  a  thermodynamic  approach(e.g.  the  Kelvin  equation)  [11] 
and  employing  homogeneous  nucleation  theory  [12],  in  which  aggregation  occurs  by  addition  of 
monomers,  one  bases  the  parameters  of  the  model  on  the  energetics  of  bulk  materials. 
Alternatively,  one  can  begin  in  the  opposite  limit  and  attempt  to  approach  understanding  the 
kernels  based  on  the  properties  of  the  individual  monomers  [8,13,14]  which  are  calculated  and 
extrapolated  using  quantum  chemical  calculations.  The  third  approach,  our  approach,  is  to  focus 
on  the  scaling  of  the  properties  of  the  clusters  and  particles  and  the  reacting  system  from  the 
tnicroscopic  regime  to  the  bulk  regime. 

To  illustrate  the  physical  content  of  scaling,  we  refer  to  the  following  example.  In  some 
agglomerating  systems,  the  so-called  "ballistic"  regime,  the  clusters'  mean  free  path  is  long 
compared  to  their  own  size.  As  the  number  of  monomers  in  a  cluster  is  increased,  the  cluster’s 
size  increases.  In  our  model  of  this  case,  the  probability  per  unit  time  that  a  particular  cluster  will 
interact  with,  and  agglomerate  with,  another  cluster  increases  with  size  because  the  amount  of 
space  explored  per  unit  time  increases  with  increasing  size.  However,  for  a  constant  temperature 
system,  the  more  monomers  in  a  cluster,  the  greater  its  mass  and  the  slower  it  moves,  thereby 
exploring  less  space  per  unit  time  in  the  reaction  medium  for  coalescence  partners.  Do  the  rate 
constants,  i.e.  kernels,  increase  with  increasing  sizes  or  decrease  due  to  the  competing 
tendencie.s? 

Which  tendency  prevails  in  a  particular  agglomerating  system  depends  on  the  shape,  i.e. 
represented  in  terms  of  the  fractal  dimension,  of  the  growing  particles.  A  particle  can  grow  in 
various  ways  such  that  its  average  crossectional  area  increases  in  correspondingly  different 
ways.  Which  tendency  prevails  also  depends  on  how  quickly  the  clusters  slow  down  with 
increasing  size.  Exothermicity  or  endothcimicity  of  agglomeration,  evaporation  effects,  as  well 
as  the  efficiency  of  conversion  of  center  of  mass  translational  energy  and  an^lar  momentum  into 
internal  energy  and  angular  momentum  can  affect  the  distribution  of  velocities  and  thereby,  mass 
transfer  rates.  Thus,  the  scaling  of  the  kernels  with  increasing  cluster  size,  i.e.  number  of 
monomers  in  the  cluster,  is  the  issue  in  our  model.  The  actual  values  of  the  kernels  ( 1 5]  are 
important  for  connecting  a  particular  simulation  or  analytic  result  batted  on  (1)  to  a  particular  set 
of  reaction  conditions. 

Rigorous  calculations  in  the  ballistic  or  diffusion-limited  mass  transfer  regime  suggest  that  the 
scaling  of  kernels  should  be  represented  as  (2). 

KxUj  =  >.2“Kii  (2) 

There  is  an  implicit  assumption  in  the  literature  that  the  sealing  varies  smoothly  as  reaction 
conditions  are  changed  from  the  ballistic  to  the  diffusive  regimes.  Using  (3),  which  is  equivalent 
to  (2),  absolute  values  for  all  kernels  can  be  calculated  within  a  single  constant  multiplicative 
factor  from  the  number  of  monomers  in  each  of  the  interacting  clusters  and  the  scaling  parameter, 

0).  We  have  already  described  ( 15  j  how  to  obtain  this  constant  factor  from  appropriate 
experimental  measurements. 


Ki.j  =  Ki.i(ij)<a  (3) 


We  have  showed  how  to  detemiine  (O  from  experimental  data. 

When  (2)  is  obe yed,  the  kernels  are  said  to  be  homogeneous.  For  homogeneous  kernels,  Jullien 
[16]  found  an  asymptotic  solution  for  the  Smoluchowski  equations,  (4),  Here,  a=-2co  and  b 
depends  on  i. 


rik  A  k®  e-bk  (4) 
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Juilien's  solution  (4)  and  the  well-known  lognormal  distribution  function  are  very  similar. 
Using  a  Taylor's  series  expansion  of  (4)  about  the  most  probable  cluster  size,  it  is  possible  to 
show  [91  that  (4)  and  the  lognormal  distribution  are  nearly  identical.  The  lognormal  distribution 
has  long  been  associated  with  coalescence  growth  16J  but  the  only  mathematical  justification  has 
involved  random  numbers  and  the  Central  Limit  Theorem. 

There  have  been  many  empirical  uses  of  the  lognormal  distribution  over  the  last  century  and  a 
half  1 17]  including  particle  size  distributions  relating  to  objects  created  by  breaking  down  larger 
objects.  For  this,  the  Rosin-Rammler  probability  density  distribution  function  [  18)  has  also  been 
used  extensively.  Both  of  these  distributions  can  be  seen  to  resemble  Juilien’s  rigorous  solution 
to  the  Smoluchowski  equations.  In  the  case  of  breaking  down  phenomena  producing  particle 
size,  i.e.  fragment  size,  distributions,  we  suggest  that  coalescence  growth  is  again  the  ultimate 
cause.  In  this  case  we  suggest  that  a  substantial  portion  of  the  net  breakdown  process  occurs  at 
grain  boundaries.  These  boundaries  are  mostly  determined  by  the  process  mediating  the  growth 
of  the  grains. 

Determination  of  the  <o  corresponding  to  a  particular  set  of  cluster  or  particle  size  data  can  be 
accomplished  in  a  variety  of  ways.  For  experiments  involving  mass  spectrometric  determination 
of  cluster  size  distributions  or  others  for  which  a  set  of  non-zero  populations  exist,  equation  (S) 
is  advantageous.  A  plot  of  Infnk)  can  be  fit  to  a  bilinear  form  in  k  Ink,  and  thereby  yield  a 
and  b  directly  .  Data  from  other  sources  is  often  represented  using  "bins"  to  produce  histograms. 


In(nK)  =  In 

A  +ln  k 

-bk 

(S) 

,  a±i  = 

km 

b 

2o> 

(6) 

When  some  of  the  bins  contain  zero  observations  of  a  given  cluster  size  or  size  range,  fitting  the 
cumulative  distribution  is  advantageous.  This  can  be  fit  to  also  give  a  and  b  directly  which  is 
tantamount  to  knowledge  of  (o.  Earlier  [9]  we  employed  the  lognormal  distribution  to  estimate  the 
average  cluster  size,  <k>,  and  the  most  probable  cluster  size,  km.  for  a  particuhtr  set  of  data. 
Given  these  values  and  (6)  we  calculated  to. 


We  have  calculated  and  compared  values  of  to  from  a  set  of  nozzle  -earn  evnansion-produced 
cluster  size  distributions.  We  have  since  recalculated  to  values  from  .f  fua  which  arc 

somewhat  different  from  those  earlier  published  values  19].  Since  the  value  of  to  depends  on 
reaction  conditions  in  addition  to  the  nature  of  the  monomer,  comparability  across  various 
experiments  is  not  immediately  assured.  It  was  observed,  however,  that  its  value  is  usually  more 
negative  than  anticipated  by  the  theory.  Simulations  show  that  significant  loss  of  all  coalescing 
species  from  the  reacting  system,  c.g.  by  diffusion  out  of  the  reacting  volume,  leads  to  size 
distributions  having  more  negative  values  of  (o.  Alternatively,  this  general  observation  may 
suggest  that  all  clusters  slow  down  faster  with  increasing  cluster  size  than  predicted  based  on  the 
kinematics  of  the  conversion  of  center  of  mass  translational  energy  to  internal  energy.  Based  on 
this  idea  it  was  possible  to  rationalize  the  values  of  to  obtained  based  on  the  position  of  the 
monomer  in  the  periodic  table. 

Simulations  [9,22]  based  on  integrating  (1)  suggest  that  the  value  of  co  obtained  from  a  particular 
size  distribution  is  not  affected  if  only  a  subset  of  kernels  is  arbitrarily  changed  from  the 
homogeneous  values.  The  existence  of  a  "magic  number"  cluster  would  seem  to  affect  only  a 
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subset  of  the  total  set  of  kernels  whereas  evapOTation  or  diffusion  could  directly  affect  the 
populations  of  all  cluster  sizes.  When  all  sizes  are  affected,  the  perturbation  is  "global"  and  a 
different  b>  is  manifest.  Based  on  the  ability  of  a  homogeneous  set  of  kernels  to  represent  actual 
data  and  the  existence  of  multiple  kinetic  pathways  for  producing  any  cluster  with  more  than  a 
few  monomers,  all  clusters  which  arc  not  magic  number  clusters  probably  exist  in  a  range  of 
different  structures  that  for  the  purposes  of  kinetics  are  indistinguishable.  Magic  number  clusters 
are  the  only  ones  with  unique  structures  and  in  ail  likelihood  have  coalescence  kernels  which  are 
smaller  than  that  predicted  by  homogeneity. 

Depending  on  deposition  conditions,  e.g.  substrate  temperature  and  tteposition  rate,  metal  films 
can  be  deposited  which  possess  structures  known  as  "hillocks"  because  of  their  appearance  in 
eiecbon  micrographs  [  19|.  Backscattered  and  secondary  electron  smdies  at  variable  angles  of 
incidence  can  be  used  to  study  these  objects  and  determine  their  morphology  and  locations  in  the 
films.  It  is  thought  that  material  at  grain  boundaries  moves  under  the  influence  of  compressive 
strain  and  participates  in  some  type  of  coalescence  growth.  This  leads  to  a  temporal  variation  in 
the  distribution  of  hillock  sizes.  We  have  attempted  to  apply  our  coalescence  niodel  to  the 
formation  and  growth  of  hillocks  using  the  published  data  of  Vook  [20]  and  coworkers. 

Although  this  particular  study  involved  hillock  chemistry  stimulated  by  thermal  annealing,  we 
hope  to  extend  this  approach  to  electromigration  [21]  induced  hillock  chemistry. 

Although  this  study  will  be  described  in  detail  in  a  separate  publication  [22],  certain  conclusions 
are  fonhcoming.  One  test  of  the  model  is  to  show  that  Jullien’s  solution  is  better  than  other 
functional  forms  in  representing  the  data  for  pure  metal.  In  fact,  no  other  form  is  better  at 
representing  it  although  very  similar  forms,  e.g.  the  lognormal  distribution,  represent  the  data 
equally  well.  The  data  for  one  alloy  film  is  slightly  bener  represented  using  the  lognormal 
distribution  although  it  should  be  noted  that  our  model  is  applicable  only  to  pure  clusters, 
particles  or  hillocks.  Another  aspect  of  the  model  involves  'he  time  evolution  of  the  b  parameter. 
While  it  is  expected  that  b  should  vary  in  time  so  as  to  be  proportional  to  a  is  expected 

to  be  time  independent.  Application  to  Vook's  data  gives  a  value  of  (o  that  does  vary  in  time. 
Notwithsutnding  this  discrepancy,  if  one  uses  the  average  value  of  to  obtained  over  the  time 
series,  it  is  true  that  the  b  parameter  varies  mom  or  less  as  expected. 

We  are  encouraged  by  these  observations  in  so  far  as  the  experiment  was  not  designed  to  isolate 
the  types  of  comparisons  we  have  attempted.  The  particular  alloy  being  used  for  the  time 
evolution  experiment  was  supersaturated  in  one  component  with  respect  to  other  so  that  a 

precipitate  was  being  formed  which  could  affect  the  value  of  o).  The  experiment  was  not  able  to 
clearly  observe  the  smallest  objects  contributing  to  hillock  growth  and  Vook  pointed  out  that 
these  smallest  entities  were  important.  Observations  on  the  largest  spatial  scales  are  also  limited. 
Given  these  potential  sources  of  experimental  artifacts  and  competing  physical  processes  not 
contained  in  the  Smoluchowski  treatment,  it  seents  remarkable  that  the  niodel  discovers  any  order 
in  the  data  at  all.  This  study  suggests  that  a  study  can  be  designed  which  could  unequivocally 
discern  whether  the  model  is  uniquely  suited  to  modelling  hillock  formation  and  growth.  As  a 
practical  matter,  the  model  already  suggests  that  the  interpretation  of  the  effect  of  background 
gases  on  the  formation  of  hillocks  during  deposition  needs  to  be  reexamined. 
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ABSTRACT 

A  modification  of  the  conventional  inert  gas  condensation  apparatus  for  making 
nanostructured  powders,  wherein  as  evaporative  source  is  replaced  by  a  chemical  source, 
is  described.  The  new  chemical  synthetic  process,  called  chemical  vapor 
condensation(CVC),  combines  rapid  thermal  decomposition  and  expansion  of  a 
ptecursor/carrier  gas  stream  in  a  hot  tubular  reactor  with  rapid  condensation  of  the 
product  particle  species  on  a  cold  substrate  under  a  reduced  inert  gas  pressure  of  1-50 
mbar.  The  process  has  been  used  to  synthesize  loosely  agglomerated  nanoparticles  (6  to 
10  nm)  of  n-SiCxNy,  starting  from  hexamethyldisilazane  (HMDS)  as  precursor 
compound.  The  phase,  morphology,  and  composition  of  n-SiCxNy  powders  can  be 
modified  by  heat  treatment.  P-SiC  particles  with  grain  size  less  than  10  nm  form  after 
annealing  at  1300°C  in  flowing  Ar.  In  a  1:1  NH3/H2  mixture  n-SiCx.N'y  powders  transfonn 
into  a-SijNa  whiskers,  with  1100)  growth  direction. 

INTRODUCTION 

Nanostructured  materials  with  average  grain  size  or  other  structural  domain  size 
less  than  lOO  nm  have  shown  different  properties  from,  and  often  superior  to.  those  of 
conventional  materials  that  have  grain  structures  on  a  larger  size  scale.'  A  variety  of 
synthetic  techniques  have  been  developed  in  recent  years  to  synthesize  nanostructured 
materials.^  Among  those  methods  inert  gas  condensation  (IGC)  is  the  most  applicable 
method  for  the  synthesis  of  loosely  agglomerated  metal  or  ceramic  nanoparticles  with 
uniform  size,  size  distribution,  and  low  impurities. In  most  gas  condensation  systems,  an 
evaporative  source  is  used  to  generate  ullrafine  particles  which  are  conveciively 
transported  to  and  condensed  on  a  cold  substrate.  The  key  to  the  fonnation  of  non¬ 
agglomerated  nanoparticles  is  the  reduced  chamber  pressure  and  rapid  quenching  of  the 
gaseous  species.  Meanwhile  the  challenge  of  scaling-up  the  inert  gas  condensation  process 
is  being  addressed,  using  a  forced  convective  flow  system  for  continuous  processing  of 
powders,  and  a  multi-kilowatt  electron  beam  for  achieving  high  evaporation  rates. 
However,  many  useful  ceramics  and  low  vapor  pressure  metals  cannot  easily  be  produced 
by  such  an  evaporation  method,  so  some  other  approach  is  needed.  In  the  present  study, 
we  have  taken  a  conventional  IGC  system  and  adapted  it  for  the  purpose  of  synthesizing 
nanostructured  ceramic  particles  from  metalorganic  precursors.’  In  this  new  process, 
called  chemical  vapor  condensation  (CVC),  a  heated  tubular  reactor  decomposes  the 
precursor  to  form  a  stream  of  clusters  or  nanoparticles  entrained  in  a  carrier  gas. 
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Hexamethyldisilazane  (HMDS)  is  used  as  the  precursor  compound  to  synthesize  silicon- 
base  nanostructured  ceramics  because  it  is  chemically  stable  and  nontoxic.  By  selecting 
different  carrier  gases,  the  pyrolysized  product  can  be  SiC,  Si3N4  or  SiC/Si3N4 
composite.* 

A  wide  range  of  metalorganic  precursors  is  available  commercially,  all  of  which 
can,  in  principle,  be  utilized  in  this  new  process.  Thus,  it  appears  that,  by  appropriate 
choice  of  precursor  compound  and  carrier  gas,  the  CVC  method  can  be  used  to  synthesize 
nanostructured  powders  of  oxides,  carbides,  nitrides,  borides,  and  their  composites. 

EXPERIMENTAL  METHOD 

Powder  synthesis 

A  schematic  of  the  CVC  apparatus  is  shown  in  Figurel.  It  consists  essentially  of 
two  separate  components;  a  reaction  chamber  that  is  maintained  at  a  pressure  of  1-20 
mbar  by  high  speed  pumping,  and  a  precursor  delivery  system  operating  at  ambient 
pressure.  The  two  components  are  connected  via  a  needle  valve,  which  continuously 
monitors  and  controls  the  flow  rate  of  the  precursor/carrier  gas  stream  from  the  gas 
delivery  system  into  the  reaction  chamber.  A  Mo-wound  furnace  tube  of  high  purity  AliOj 
provides  a  heat  source  for  controlled  decomposition  of  the  precursor.  During  the  short 
residence  time  of  the  precursor  in  the  heated  tube,  the  HMDS  precursor  decomposes  to 
form  small  clusters  or  nanoparticles.  At  the  outlet  of  the  furnace,  rapid  expansion  of  the 
particles  formed  in  the  gas  stream  serves  to  mitigate  particle  growth  and  agglomeration. 
Finally,  the  particles  condense  out  on  a  liquid  nitrogen  cooled  rotating  substrate  from 
which  the  particles  can  be  scraped  off  and  collected. 


Figure  I.  Schematic  of  the  chemical  vapor  condensation  (CVCI  processing  apparatus 

The  characteristics  of  the  powder  product  will  depend  on  the  carrier  gas,  the 
precursor  concentration  in  the  gas  stream,  and  the  residence  bme  of  the  precursor 
compound  in  the  tubular  furnace,  i.e.  the  flow  rate  of  the  gas  stream,  chamber  pressure, 
and  pyrolysis  temperature.  In  a  series  of  experiments  He  was  used  as  the  carrier  gas  with 
flow  rate  fixed  at  8.55x10'^  mole/min  by  means  of  a  MRS  mass  flow  controller  and  the 
leak  rate  was  fixed  to  maintain  a  constant  operation  pressure  in  the  chamber.  Under  these 
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conditions  the  HMDS  concentration  was  about  16.5  mole%  in  the  gas  stream.  The  furnace 
temperature  was  varied  over  the  range  1 100  to  1400“C  in  1C0“C  steps  and  the  chamber 
pressure  was  varied  over  the  range  3  to  12  torr  in  3  torr  steps.  The  stand-off  distance  of 
the  cold  substrate  from  the  hot  reactor  tube  was  set  at  about  2",  in  order  to  ensure  rapid 
quenching  of  the  particles. 

Post-annealing  treatment 

Different  gas  atmospheres,  such  as  Ar.  NH3.  and  Hs  wen*  used  for  post-annealing 
of  as-synthesized  powders.  Samples  were  annealed  at  temperature  in  the  range  400  to 
1 500  '•C  in  the  flowing  gas  streams. 

Sample  characterization 

X-ray  diffraction  (CuKa  radiation)  was  used  to  study  the  phases  present  in  the  as- 
synthesized  and  annealed  samples.  Density  of  the  powder  was  determined  by  He- 
pycnometry.  Specific  surface  area  of  as-synthesized  and  annealed  samples  was  measured 
by  single  point  SET.  Scanning  electronic  microscopy,  TE.M,  and  HREM  were  used  to 
characterize  the  microstructure  and  morphology  of  as-synthesized  and  annealed  samples. 
To  prepare  the  TEM  samples,  powders  were  first  dispersed  in  methyl  alcohol  to  form  a 
solution  by  ultrasonic  vibration.  Then,  a  copper  grid  coated  with  a  holy-carbon  film  was 
dipped  into  the  dispersed  solution  attd  dried  in  air  immediately.  Chemical  compositions 
were  determined  using  Rutherford  backscattenng  spectroscopy  with  i  Mc\  iie-ioiis.  ;he 
experimental  composition  profiles  were  fitted  using  computer  program  RUMP. 


Table  I .  Some  properties  of  as-synthesized  SiCx^y  powder 


Sample 

name 

Reactor  Powder  density* 

TemoeratutwO  Ifi/cmJ) 

Powder  Suifaoe  area**  Panicle  size  Panicle  size 
appearance  (mZ/a)  from  BET  (nmi  from  TEM  tnnil 

S-l 

2.614 

brown 

568 

4 

10 

S-2 

1200 

2.737 

dark'brown 

555 

4 

10 

S-3 

UOO 

2.781 

brown-black 

360 

6 

8 

SJ 

1400 

2.783 

jet-black 

272 

8 

6 

RESULTS  AND  DISCUSSION 

The  residence  time  calculated  from  the  gas  flow  rate,  pyrolysis  temperature,  and 
chamber  pressure  is  less  than  0. 1  second.  In  a  deposition  time  of  30  minutes  2-3  grams  of 
powder  was  collected.  X-ray  diffraction  analysis  showed  that  all  the  as-synthesized 
powders  were  amorphous.  A  waxy  powder  product  with  light-brown  color  and  polymer- 
like  properties  forms  at  pyrolysis  temperatures  <  lOOO'KT.  By  increasing  the  pyrolysis 
temperature  the  color  of  the  powder  deposits  change  from  brown  to  black  (see  Table  I), 
clearly  indicating  different  degrees  of  pyrolysis  during  the  short  residence  time  of  the 
precursor  in  the  heated  tube.  The  average  particle  size  from  TEM  range  from  6-10  nm 
with  the  smallest  particle  size  corresponding  to  the  highest  pyrolysis  temperature.  In 
contrast  the  measured  particle  size  from  BET  increased  with  the  reaction  temperature  over 
the  range  4-8  nm.  This  suggests  that  the  particles  determined  by  TEM.  at  least  at  the 
lower  pyrolysis  temperature,  are  actually  composed  of  small  clusters.  In  this  case  it  is  not 
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easy  to  resolve  the  clusters  in  the  10  nm  particles  by  TEM  because  of  the  low  contrast  of 
the  amorphous  structures. 


Figure  2.  Specific  surface  area  of  as-synthesized  n-SiCxNy  powder 
(a)  effect  of  pyrolysis  temperature  (b)  effect  of  pyrolysis  pressure 


Figure  2  shows  that  the  specific  surface  area  of  as-synthesized  powders  range  from 
270-570  m^/g  with  increasing  pyrolysis  temperature  and  pressure.  The  density  of  the 
nanoparticles,  shown  in  Figure  3,  increases  with  increasing  reaction  temperature  and 
pressure.  The  surface  area  and  density  data  at  the  lowest  reaction  temperature  are 
consistent  with  the  formation  of  nanoparticles  composed  of  aggregates  of  very  high 
surface  area  clusters.  All  the  density  of  ^*!e  particles  increases  with  the  reaction 
temperature  and  pressure,  which  probably  reflects  the  higher  degree  of  precursor 
pyrolysis,  i.e.  conversion  of  the  precursor  to  SiCxNy  phase. 


Figure  3.  Density  of  as-synthesized  n-SiCxNy  powder 
(a)  effect  of  pyrolysis  temperature  (b)  effect  of  pyrolysis  pressure 

The  effect  of  annealing  in  flowing  Ar  at  temperatures  in  the  range  1000-1500''C  Ls 
shown  in  Figure  4.  As-synthesized  n-SiCxNy  powders  start  crystallizing  at  temperatures 
higher  than  1200°C  and  ^SiC  particles  with  grain  size  less  than  10  nm  are  fomied  at 
1300‘'C.  There  is  a  little  change  on  the  surface  area  of  the  powder  annealed  at 
1400‘’C(Figure  5).  The  particle  size  measured  from  BET  is  close  to  the  grain  size 
calculated  from  the  X-ray  line  broadening.  It  is  believed  that  the  presence  of  excess  carbon 
in  the  crystallized  powders  inhibits  grain  growth.’ 

Figure  6  shows  the  effect  of  heat  treating  amorphous  n-SiCxNy  powder  in  flowing 
NHVH2  (I-l  mixture)  at  temperatures  in  the  range  800-1400®C  for  5  min.  Crystallization 
into  hexagonal  o-Si3N4  occurs  at  I400‘’C.  The  a-Si3N4,  shown  in  Figure  7,  is  in  the  form 
of  iidiiowhiskers  with  diameters  varing  from  30  to  uO  nm  and  aspect  ratio  as  high  as  500: 1 . 
As  HREM  image  of  the  whisker  shows  a  high  degree  of  single  crystal  perfection.  Figure  8. 
The  growth  direction  of  the  whisker  is  1 100). 
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Fii’ure  4XRD  pattern  of  n-SiC.xNy  powder  Figure  5. Specific  surface  area  of  n-SiCxNy 
annealed  in  flowing  Ar  powder  annealed  in  flowing  Ar 


Figure  f).  XRD  pattern  of  n-SiCxNy  powder  Figure  7.  TEM  image  of  a-SijN^  nano- 
annealed  in  flowing  NH j/Hi  whisker 


[t  is  not  clear  at  this  time  what  exactly  leads  to  the  transformation  of  these 
whiskers,  on  the  basis  of  our  most  recent  results,  the  pos.sible  mechanism  being  envisaged 
is  that  ultrafme  droplets  of  liquid  silicon  are  formed  by  reductive  decomposition  of  n- 
SiCxNy  particles  in  the  powder  bed,  and  these  droplets  are  responsible  for  the  growth  of 
single  ciystal  o-Si3N4  nanowhisker.^  Apparently,  the  liquid  silicon  droplets  migrate 
through  the  powder  bed,  dissolving  antorphous  n-SiCxNy  powders  in  their  path  and 
leaving  crystalline  whiskers  in  their  wake.  Figure  9.  Coalescence  of  liquid  silicon  droplets 
formed  in  a  powder  agglomerate  can  also  give  rise  to  larger  .silicon  droplets,  which  in  turn 
can  generate  larger  diameter  whiskers.  FigurclO.  Table  2  gives  the  composition  data  of 
samples  annealed  in  flowing  NHyili.  There  is  a  systematic  change  in  the  composition 
with  the  annealing  temperature.  At  1400”C  a  sharp  reduction  in  oxygen  content  and  a 
corresponding  enrichment  in  nitrogen  occurs,  which  probably  exerts  an  important 
influence  on  the  whisker  fomtation  at  this  temperature. 


Powder  source  ♦  f  is 
(e  $  SiCcNv  *  Nil)  li|} 


•  •  •  »  -  • 
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Figure  H.  HRF.M  image  of  it-Si  tN^  nano- 
whisker 


Wtuiin 


^liquid  St 
panicle 


Figure  V  A  schematic  of  the  proposed 
nano  whisker  growth  mechanism 


Figure  10.  TEM  image  of  thick  a-Si}N4 
whisker 


Table  2  Chemical  composition  for 
samples  annealed  in  NH3/H2 
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CONCLUSIONS 

( 11  Nanostructured  amorphous  SiCxNy  powders  with  particle  size  less  than  10  nm  can  be 
synthesized  by  the  chemical  vapor  condensanon  method. 

(21  Critical  to  success  of  the  chemical  vapor  condensation  method  aie:  (i)  low 
concentration  of  precursor  in  the  carrier  gas;  (ii)  ■•apid  expansion  of  the  gas  stream 
through  an  heated  tubular  reactor  in  a  reduced  pressure,  and  (iii)  rapid  quenching  of  the 
gas  phase  nucleated  clusters  or  nanoparticles  as  they  exit  from  the  reactor  tube. 

(3)  The  surface  area  of  as-synthesized  powders  was  u>  the  range  of  240  to  570  m-/g. 
which  is  higher  than  values  repo-ied  in  the  literature. 

(4)  By  annealing  in  Ar,  n-SiCxNy  powders  transform  into  p-SiC  particles  with  grain  size 
less  than  30  nm.  In  flowing  NH3/H2  (1:1  mixmre)  a-Si3N4  nanowhisker  wi'h  high  aspect 
ratio  are  formed.  The  growth  direction  of  the  whisker  is  1 100] 
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ABSTRACT 

N.inoscale  metal  oxide  parlicies  have  been  synthesized  by  using  a  "ovel  method  which 
combines  laser  vaporization  of  metal  targets  with  controlled  condensation  in  a  diffusion  cloud 
chamber.  The  following  oxides  have  been  synthesized:  ZnO,  Si02,  Fe203,  Bi203,  PdO. 
NiO,  AgO,  TeO,  86203,  Ti02,  Z1O2,  AI2O3,  CuO,  10203,  Sn02,  V2O5  and  MgO.  With 
this  method,  the  size  of  the  panicles  can  be  conveniently  controlled  by  careful  control  of  the 
degree  of  supersaturation  which  is  accomplished  by  adjusting  the  temperature  gradient,  total 
pressure,  and  parti:d  pressure  of  the  metal  vapor  generated  by  laser  vaporization  in  a 
diffusion  cloud  chamber.  The  microscale  structures  of  the  S1O2  and  AI2O3  panicles  exhibit 
intere.siing  web-like  matrices  with  a  significant  volume  of  vacancies.  These  materials  may 
have  special  applications  in  catalysis  and  as  reinforcing  agents  for  liquid  polvmers. 


INTRODUCTION 

Nanoscale  particles  possess  several  unique  properties  such  as  large  surface  areas, 
unusual  adsorptive  properties,  surface  defects  and  fast  diffusivities  (1-3).  The 
characterization  of  these  propenies  can  ultimately  lead  to  identifying  many  potential  uses, 
p.vticularly  in  the  field  of  catalysis  14).  For  example,  nanoparticles  of  metal  oxides  and  mixed 
oxide'-  such  as  Si02/Ti02  exhibit  unusual  acidic  propenies  and  are  used  as  acidic  catalysts 
(5|.  Recently  we  described  a  novel  technique  to  synthesize  nanopanicles  of  controlled  size 
and  composii'on  |6|.  Our  technique  combines  the  advantages  of  pulsed  laser  vaporization 
with  controlled  condensation  in  a  diffusion  cloud  chamber  under  well  defined  conditions  of 
temperature  and  pressure.  The  present  work  demonstrates  the  advantages  of  this  method  in 
conffol'  ng  the  composition  and  the  propenies  of  the  nanoscale  metal  oxide  particles. 


EXPERIMENTAL 

In  the  experiments,  a  modified  upward  thermal  diffusion  cloud  chamber  is  used  for  the 
.synihe,sis  of  the  nanoscale  particles.  This  chamber  has  been  commonly  used  for  the 
production  of  steady  state  supersaturated  vapors  for  the  measurements  of  homogeneous  and 
photo-induced  nucleation  rates  of  a  variety  of  substances  |7.81.  A  .sketch  of  the  diffusion 
cloud  chamber  with  its  relevant  components  's  shown  in  Figure  1-a.  The  chamber  consists  of 
two.  horizontal,  circular  stainless  steel  plates,  separated  by  a  circular  glass  ring.  A  metal 
target  of  interest  sets  on  the  lower  plate,  and  the  chamber  is  filled  with  a  carrier  gas  such  as 
He  or  Ar  containing  a  known  composition  of  the  reactant  gas  (e.g.  O2  in  case  of  oxides,  N2 
or  NH3  for  nitrides,  CH4  or  C2H4  for  carbides,  etc.).  The  metal  target  and  the  lower  plate 
are  maintained  at  a  temperature  higher  than  that  of  the  upper  one  (temperatures  are  controlled 
by  circulating  fluids).  The  top  plate  can  be  cooled  to  less  than  120  K  by  circulating  liquid 
nitrogen.  Nichrome  heater  wires  are  wrapped  around  the  glass  ring  and  provide  sufficient 
heal  to  prevent  condensation  and  fogging.  The  large  temperature  gradient  between  the  bottom 
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and  top  plates  results  in  a  steady  convection  current  which  can  be  enhanced  by  using  a  heavy 
carrier  gas  such  as  Ar  or  Kr  under  high  pressure  conditions  (1-10^  ton).  The  metal  vapor  is 
generated  by  pulsed  laser  vaporization  using  the  second  harmonic  (532  nm)  of  a  Nd-YAG 
laser  (15-30  mJ/pulse).  Laser  vaporization  typically  releases  more  than  10*“^  metal  atoms  per 
pulse  (2xl0‘^  s).  The  hot  metal  atoms  react  with  Oj  (in  the  case  of  oxides  syntheses)  to  form 
vapor  phase  metal  oxide  molecules  which  undergo  several  collisions  with  the  carrier  gas  thus 
resulting  in  efficient  cooling  via  collisional  energy  loss.  Under  the  total  pressure  employed  in 
these  experiments  (100  -  SCO  ton),  it  is  expected  that  the  metal  atoms  and  the  oxide  molecules 
approach  the  thermal  energy  of  the  ambient  gas  within  several  hundred  microns  from  the 
vaporization  target.  The  unreacted  metal  atoms  and  the  less  volatile  metal  oxide  molecules  are 
canied  by  convection  to  the  nucleation  zone  near  the  top  plate  of  the  chamber.  The 
temperature  T,  panial  pressure  P  of  diffusant,  saturation  pressure  Pg,  and  supersaturation,  S 
=  P/Pg  vary  with  elevation  in  the  chamber  in  the  manner  demonstrated  in  Figure  1-b.  By 
controlling  the  temperature  gradient,  the  total  pressure  and  the  laser  power  (which  determines 
the  number  density  of  the  metal  atoms  released  in  the  vapor  phase),  it  is  possible  to  control 
the  size  of  the  condensing  panicles.  This  is  the  basic  principle  of  our  meth^. 
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Figure  I  (a) :  Sketch  of  diffusion  cloud  chamber  with  relevant  components  indicated. 

(b) ;  Typical  courses  of  diffusant  panial  pressure  P,  saturation  pressure  Pg, 
temperature  T,  and  supersaturation  S  in  a  diffusion  cloud  chamber. 


RESULTS  AND  DISCUSSION 

Figure  2  displays  SEM  micrographs  obtained  for  ZnO  and  AI2O3  panicles  synthesized 
using  20%  O2  in  He  at  a  total  pressure  of  800  lorr  and  top  and  bottom  plate  temperatures  of 
■  KKJOC  and  20‘’C.  respectively.  It  is  clear  that  the  panicles  exhibit  a  unique  agglomerate 
pattern  which  appears  as  a  web-like  matrix.  Based  on  the  TEM  analyses  of  these,  individual 
panicle's  sizes  are  estimated  between  10-20  nm. 
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Figure  2(b):  SEM  micrograph  of  AI2O3  particles. 
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The  Raman  spectrum  of  the  Ti02  nanoparticles  synthesized  in  Ar  (shown  in  Figure  3) 
exhibits  the  characteristic  peaks  of  the  nanoscale  anatase  phase  of  Ti02  (the  low  temperature 
phase)  [9,  101.  By  varying  the  experimental  conditions  such  as  the  partial  pressure  of  O2  and 
the  carrier  gas  we  were  able  to  synthesize  both  the  rutile  and  anatase  phases  of  TiO?  [61. 
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Figure  3  :  Raman  spectra  of  Ti02  panicles  synthesized  in  02/Ar  mixture. 


To  illustrate  the  effect  of  the  O2  /  carrier  gas  mixture  on  the  ratio  of  the  oxidized-to- 
nonoxidized  metal  particles,  we  measured  the  x-ray  photoelectron  spectra  (XPS)  of  the 
particles  prepared  under  different  experimental  conditions.  Figure  4  illustrates  the  results  for 
Si02  panicles  synthesized  using  different  concentrations  of  O2  in  He.  By  decreasing  the  O2 
concentration  in  the  carrier  gas  the  Si  2p  peak  (  =  99.5  eV)  is  enhanced  due  to  tfic  unoxidized 
Si  panicles.  From  the  data  presented  in  Figure  4  (a,  b,  c),  the  Si02  /  Si  ratios  are  estiniated  as 
0.99,  0.76  and  0.60,  respectively.  Therefore,  the  data  demonstrates  the  control  of  the 
compositions  of  the  nanopanicles.  The  oxide  /  metal  ratio  in  the  nanopanicles  also  depends 
on  the  type  of  the  carrier  gas  as  well  as  on  the  O2  concentration.  By  using  different  carrier 
ga.ses  containing  different  concentrations  of  O2.  it  was  possible  to  affect  the  efficiency  of  the 
oxidation  process.  In  this  way,  nanopanicles  containing  more  than  99%  oxide  molecules  or 
more  than  60%  unoxidized  metal  have  been  synthesized. 
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Binding  Energy  (eV) 


Figure  4  XPS  spectra  of  Si02  particles  synthesized  using  :  (a)  30%  O2  in  He,  (b)  7%  O2 
in  He,  (c)  2%  O2  in  He. 


CONCLUSIONS 

The  results  of  this  study  appear  to  demonstrate  the  feasibility  and  the  promise  of  the  laser 
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vaporization  /  condensation  method  in  the  synthesis  of  nanopanicles  with  well  defined 
properties.  The  combination  of  the  laser  synthetic  approach  and  the  spectroscopic 
characterizations  of  the  bulk  and  surface  properties  of  the  nanopanicles  will  lead  to  significant 
results  panicularly  in  two  areas:  (i)  the  synthesis  of  specific  catalysis  (e.g.  metal/metal  oxide 
systems)  of  controlled  sizes  and  compositions  and  (ii)  the  design  of  new  nanomaterials  such 
as  mixed  o.xide.s/nitrides  or  carbides/nitrides  and  other  refractive,  semiconductor  and 
superconductor  materials. 
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ABSTRACT 

Nanoconipositcs  of  copper  with  low  concentrations  of  dispersed  fullerenes  were 
synthesized  by  simultaneous  sputtering  of  copper  and  sublimation  of  fullerenes  Post 
deposition  heat  treatments  at  400  and  SOO^C  were  performed  to  assess  the  thermal  stability  of 
the  microstructurc  and  the  etVect  on  the  Vicker's  microhardncss  The  as-deposited  copper- 
fullerene  composite  has  submicron-scale  granularity,  in  contrast  to  pure  copper  which  has 
conventional  columnar  growth  Grain  growth  in  the  heat-treated  fullerene-comainmg 
specimens  is  suppres.sed  and  the  microhardne,ss  enhanced  relative  to  pure  copper 


IMRODITTION 

One  possible  application  of  buckminsterfullerene  is  as  a  reinforcement  in  structural 
materials  Fullerenes  dispersed  in  a  metal  matnx,  for  example,  could  result  in  dispersion 
strengthening  via  the  Orowan  mechanism',  and  because  a  fullerene  molecule  is  of  nanometer 
size,  with  the  carbon  molecules  on  a  0  7  nm  diameter  in  the  case  of  C60,  they  could  be  more 
effective  reinforcements  than  conventional  micron-scale  dispersoids  Additionally,  fullerenes 
could  act  as  gram-boundary  pinning  centers,  thereby  inhibiting  thermally-activated  gram 
growth^  which  causes  loss  of  strength  by  increases  m  gram  size  according  to  the  empirical 
Hall-Petch  relation'  Furthermore,  since  fullerenes  are  hollow,  with  a  0  35  nm  diameter  open 
interior  volume,  they  also  could  be  used  to  reduce  density  of  a  composite,  yielding  important 
strength  to  weight  ratio  advantages 

The  principal  argument  against  the  large-scale  application  of  fullerenes  as  structural 
reinforcement  has  been  a  common  notion  that  fullerenes  are  much  too  expensive  for  such  uses 
While  the  very  first  commercially  available  fullerenes  were  quite  expensive,  the  cost  of 
fullerene  extract,  the  060  »  C70  mixture,  has  dropped  from  $  3000  per  gram  a  few  years  ago  to 
around  S  80  per  gram  currently  New  continuous-mode  processing  methods  are  being 
developed'*  which  promise  to  be  higher-yield  and  higher-throughput  than  the  labor-intensive, 
batch-mode  research-scale  carbon-arc  method  These  new  manufacturing-compatible  fullerene 
production  methods  are  expected'  to  lower  the  cost  of  fullerenes  to  $  IS  per  gram  by  1996,  and 
to  under  $1  per  gram  by  1998  If  a  viable,  large-scale  practical  application  for  fullerenes  could 
be  demonstrated,  that  would  drive  further  development  of  manufactunngcompatible  fullerene 
production,  and  could  lower  the  cost  to  the  point  where  fullerenes  are  competitive  with  other 
structural  reinforcement  matenals  It  is  with  these  issues  in  mind  that  the  present  study  of 
metal-fullerene  structural  nanocomposites  has  been  initiated 
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I'he  simplest  way  to  make  a  composite  of  fullerenes  and  a  metal  i;  by  conventional 
powder  metallurgy  methods  However,  in  work  done  thus  far  on  fullerene-metal  composites  bv 
powder  metallurgy  processes,*’  ’•’’  it  has  been  found  that,  due  to  the  very  strong  van  der  Waals 
bonding  between  fullerene  molecules,  they  tend  to  agglomerate  and  cannot  be  dispersed  in  the 
metal  regardless  of  various  mixing  and  slurry  methods  that  have  been  tried 

Codeposition  via  sublimation  of  fullerenes^  and  evaporation  or  sputtering  of  a  metal  is  a 
processing  route  that  does  allow  homogeneous  dispersion  of  fullerenes  It  has  been  shown  that 
fullerenes  can  be  dispersed  in  thin  films  of  copper  and  tin*  by  this  method 

l  o  obtatn  "bulk"  pellets  of  dispersed  copper-fullerene  composites  for  the  present  work, 
sublimated  fullerenes  and  IX'  sputtered  copper  were  codeposited  onto  a  large,  rotating,  liquid- 
nitrogen  cooled  substrate,  shown  schematically  in  Fig  1  Fullerenes  were  sublimated  from  a 
ceramic  coated,  resistively  heated  boat  at  600*>C  after  high-temperature  vacuum  degassing  To 
avoid  "spitting"  of  the  powder  during  degassing,  the  fullerene  extract  was  pressed  into  small 
pellets  The  substrate  is  scraped  following  deposition,  and  the  material,  in  the  form  of  a  line 
powder  consisting  of  small  Hakes  of  thin  film,  is  collected,  transported  m-situ  to  a  uniaxial  cold 
press,  and  compacted  under  pressures  of  about  500  MPa  to  make  solid  pellets  I'he  pellets  arc 
ty  pically  80  “o  of  theoretical  density  This  deposition  system  and  the  procedure  is  described  in 
more  detail  elsewhere  *1*' 


RF.Sl  LI  S  AND  DISC  I  SSION 


As  described  above,  the  as-dcposited  material  is  a  powder  consisting  of  small  fiakes  of 
thin  Him:  consequently  ,  the  pressed  pellets  consist  of  a  compact  of  these  thin  film  Hakes  1  or 


Figure  I  Schematic  diagram  of  the  codeposition  system  used  for 
the  physical  vapor  deposition  of  copper-fullerene  composites. 
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both  the  codeposiled  copper-l'ullcrene  and  tor  pure  copper  samples,  the  large  scale 
microstructure  of  the  flakes  is  that  of  columnar  thin-film  growth,  as  expected  However,  high- 
magnification  scanning  electron  microscopy  (SKM)  reveals,  as  shown  in  Fig  2,  that  in  the 
codeposited  matenal,  the  columnar  growth  possesses  a  submicron  granular  substructure,  with 
average  particle  sizes  of  50  nm  No  carbon  agglomerates  are  visible,  which  suggests  that  the 
fullerenes  did  in  fact  disperse  uniformly  on  length  scales  less  than  the  resolution  of  the  SI  :M 
tnergy-dispersive  spectronretry  (EDS)  in  the  SEM  was  used  to  confirm  that  carbon  is 
present  in  the  granular  structure  of  Fig.  2(a),  but  not  in  the  pure  copper  Fig.  2(b)  Fhe  total 
carbon  concentration  detected  is  approximately  I  wt.%,  which  corresponds  to  approximatelv 
4  vol  “b  if  present  as  isolated  fullerenes.  I'hat  fullerenes  are  present  in  this  codeposited  material 
was  confirmed  by  hot  toluene  extraction  performed  on  some  uncompacted  powder  When 
fullerenes  are  dissolved  in  toluene,  the  solution  takes  on  a  deep  red  color  Since  the  molar 
absorptivity  of  fullerenes  in  toluene  is  very  high,  this  simple  test  is  quite  sensitive  The  solution 
also  was  analyzed  by  Fourier  Transform  Infrared  Spectrometry  (FTIR),  further  confirming  the 
presence  of  fullerenes  by  the  presence  of  C6()  absorption  lines  at  527  and  577  cm'' 

Pieces  of  the  copper-fullerene  and  pure  copper  specimens  were  annealed  in  one 
atmosphere  of  flowing  hydrogen  for  2  hours  at  400  and  800»C  to  determine  the  thermal 
stability  of  the  microstructure  For  the  400®C  annealed  specimens,  shown  in  Fig  .T  the 
submicron  granularity  of  the  copper-fullerene  composite  has  disappeared  However,  the  flakes 
in  the  copper-fullerene  have  not  sintered  and  coarsened  to  the  same  degree  as  those  in  the  pure 
copper  Although  the  submicron  scale  granularity  is  not  stable,  the  presence  of  the  small 
coneentration  of  fullerenes  inhibited  micron-scale  thermal  gram  growth  to  some  degree 

After  annealing  at  800'K',  the  flakes  have  all  sintered  and  the  microstructure  densitied  in 
both  the  copper-fullerene  and  the  pure  copper  specimens  as  shown  in  Fig  4  The  average  gram 
sizes  are  smaller  in  the  annealed  copper-fullerene  (I  2  pm)  than  in  the  pure  copper  (2  4  pmi. 
again  indicating  gratn  growth  suppression 


Figure  1.  Scanning  electron  micrographs  of  copper-fullerene  and 
pure  copper  in  the  as-deposited  condition 
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l-igurc  3  Scanning  electron  micrographs  orcoppcr-rullcrcnc  and 
pure  copper  after  annealing  in  hydrogen  at  for  d  hours 


>if  M  IDS  measurements  confirm  that  carbon  is  present  in  the  annealed 

specimen  at  about  the  same  concentration  as  that  in  the  as-deposited  specimen  In  the 
■'Pecimcn.  howeser,  no  carbon  I  l)S  signal  significantly  above  background  levels  could  be 
lound  fullerenes  could  not  be  detected  in  the  annealed  samples  by  the  toluene  extraction  and 
I  I  IK  methods,  but  it's  likely  that  fullerenes  embedded  in  and  surrounded  by  a  copper  matrix 
could  not  dissolve  m  the  toluene 


(«)Cu*Full«nnM,AnnMM800°C  ^ 
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Figure  4  Scanning  electron  micrographs  of  copper-fullerene  and 
pure  copper  after  annealing  in  hy  drogen  at  800'’C  for  2  hours 
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avcienylh-iiispersnc  spcctroniotcr\  with  an  clci.iron  microprnbc  via--  UM.-ii  lo  vonlirni 
ihc  picscncc  ol  ru\letcncs  in  the  eoJeposited  coppcr-tuHerene  spieeimens' *.  both  as-iJcpositcd 
and  heat-treated  tn  4tKI'V  iligh-resolution  transmission  electron  micioseopv  could  in 
principal  be  used  to  esamine  the  lullercne  dispersion  directlv.  however  this  technique  is  not 
uselul  lor  characteri/ation  ol  bulk  materials,  which  is  the  kev  issue  in  the  present  case  C  learlv 
new  and  nproved  methods  ok  detecting  and  measuring  tullerenes  embedaed  in  metals  will  be 
needed  i<  completelv  characleri-'e  bulk  melal-lullerenc  composites 

I  ests  with  loose  tullerene  powder  indicate  that  tullerenes  are  stable  when  annealed  in 
hvdrogen  at  40(b>C,  but  sublimate  at  a  vcr\  high  rale  above  bblh’C'  and  decompose'-  at  XDtf't 
I  his  IS  consistent  with  the  1  l)S  results  As  the  specimen  temperature  is  increased  to  Xliib't' 
anv  tullerenes  present  that  could  escape  due  to  the  porosilv  ot  the  sfvcimens  would  sublimate 
and  be  carricJ  awav  in  the  hvdrogen  stream  Anv  that  remain  would  likelv  deconqxise  Mo 
carbon  compounds  were  evident  in  \-rav  ditTraclometer  scans,  althmieh  a  small  amount  of 
carbide  reaction  with  the  empper  can  not  be  ruled  out 

The  Vickers  microhardness  ol  the  s|tecimens  is  shown  in  I  ig  '  I  he  codc-|xisiied  cop|xi- 
tullerene  specimens  aie  liaidei  than  the  pure  copper  in  all  conditions  I  he  hardness 
enhancement  in  the  as-deposited  condition  is  about  It)"!),  tor  a  tullerene  content  estinialcd  to  be 
around  4  vol  •'o  Uecau.se  ol  lhe  porosilv  ot  the  samples  meaningful  cotnparisons  to  dispersion- 
hardening  iheorv  or  to  the  Hall-Petch  relation  are  not  possible,  but  these  results  do  qualitativciv 
demonstrate  reinforcement  of  metals  with  fullerenes  I  he  hardness  enhancc-menl  ol  the 
code|Xisited  material  relative  lo  copper  is  more  pronounced  for  the  heat-treated  condili.nis  1  or 
doiit'C  annealing,  the  codeptisitcd  material  is  S(i"i)  harder  than  pure  coppe-r.  while  for  X(Hi"{ 
annealing,  it  is  Stf'i.  higher  than  pure  coppei  I'or  the  8()0‘’(.'  annealed  spcciniens.  for  which 
distinct  grain  sizes  could  be  measured  lor  both  specimens  v  la  SI  M.  the  dilference  in  hardness 


Figure  5  Vickers  microhardness  of  coppcr-fullerene  and  pure 
copper  versus  annealing  temperature 
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IS  iK-aris  three  times  Ltiealcr  man  is  expected  on  the  basis  ot'  llall-Peteh  behasior  alone  ' 
ulthoueh  its  possible  that  this  enhaneement  is  due  to  dispersion  hardenine  hv  carbides  il 
decomposition  ot  the  t'ullerenes  occurred  at 


(  ()N(H  SIGNS 

r  ode(xisition  ot  tullcrciies  with  copper  \ields  a  submicron  granular  microstructure  1  poii 
annealing,  grain  growth  is  suppressed  and  the  microhardness  is  enhanced  compared  to  |  are 
copper  Improved  methods  ol  characteri/ing  lullerenes  embedded  m  metals  are  needed 
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ABSIRAC I 

The  v(  SiH  I  slreiclnng  absorption  band  is  known  to  be  sensitive  to  the  local  en\  ironment  .P' 
the  silicon  atom  1  he  presence  of  SiH  groups  on  silicon  carbide  surfac .  can  be  taken  advantage 
of  to  evaluate  the  oxidation  degree  of  this  ceramic  powder 

The  surface  analysis  of  a  SiC  nanosized  powder  was  performed  by  F  )'-IR  specironieirv 
The  ex  olution  of  the  v(SiFI)  absorption  band,  followed  in  silii  under  controlled  temperatures  and 
oxvgen  pressures,  consists  in  a  freguency  shift  toward  higher  wavenumbers  when  oxidation 
proceeds  The  resolution  of  the  SiH  absorption  range  into  tour  subbands  corresponding  to  the 
HSiO^C,.^  possible  surface  groups  showed  the  relative  evolution  of  the  diflereiil  species  Ab 
i/iil/d  SCF  MO  calculations  on  molecular  models  gave  evidence  of  the  charge  transfer  to  the 
more  electronegative  oxygen  atom,  making  the  silicon  atom  more  positive  and  seeminglv 
jtieiigthemng  the  Sill  bond  and  thus  inducing  an  upwaid  shift  of  the  v(Sill)  frequency 


INTRODICTION 

Silicon  carbide  is  widely  known  for  its  chemical  inertness,  heat  resistance  and  hardness 
Although  the  silicon  carbide  surface  can  easily  oxidize,  its  oxidation  leads  to  the  formation  of  a 
protective  laver  of  silica  However,  the  presence  of  oxygen  in  silicon  carbide-carbon  composites 
may  drastically  weaken  their  mechanical  properties'  On  another  hand,  the  the  mal  stability  of 
silicon  carbide  which  is  better  than  the  alumina's  one,  makes  this  material  a  prefeicntial  catalyst 
support  For  this  latter  application,  the  superficial  oxygen  content  plays  a  major  part  in  the 
optimization  of  the  metal  particles  dispersion^  Therefore,  the  determination  of  the  oxygen 
content  in  the  veix  first  atomic  layers  of  a  silicon  carbide  surface  is  of  critical  importance  for  the 
different  required  properties  of  this  ceramic 

The  Fourier  transform  infrared  (FT-IR)  spectrometry  is  a  powerful  meth'od  to  learn  about 
surface  species  provided  that  the  specific  surface  area  of  the  powder  is  high  enough 

The  goal  of  this  work  was  to  get  a  thorough  knowledge  of  the  chemical  composition  of 
the  first  atomic  layer  by  using  the  frequency  variations  of  the  v(SiH)  stretching  vibration  in  the 
.SiH  surface  species  Indeed,  according  to  Low’,  the  v(SiH)  absorption  band  can  serve  as  a 
probe  of  the  local  environment 

In  the  experimental  approach,  we  performed  a  controlled  superficial  oxidation  of  the 
powder  The  variations  of  the  infrared  spectrum  were  followed  in  situ  versus  temperature, 
oxygen  pressure  and  oxidation  time  Then,  in  order  to  discriminate  between  the  H-SiO^C^.^ 
surface  species  contributions,  we  resolved  the  v(SiH)  stretching  range  into  four  subbands  Ah 
inilio  calculation,  using  the  self-consistent-field  molecular  orbital  theory  (SCF-MO),  gave  the 
quantum  mechanical  aspect  of  the  v(SiH)  evolution 
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EXPERIMENTAL 


Ihe  silicon  carbide  powder  was  prepared  by  laser  driven  reaction  front  a  SiHj/CilL 
niixliirc  following  the  method  previously  reported''  The  specific  surface  area,  62  m-g'',  was 
determined  by  BF,T  measurements  The  powder  was  slightly  non-sloichiometnc  with  silicon  in 
excess  (C/Si-0  S.*!)  The  oxygen  co  '.lent  was  determined  to  be  2  2  wt%  by  chemical  analysis 

The  infrared  spectra  were  recorded  using  a  Nicolet  .“'DX  spectrometer  in  the  4000-400 
ciif'  range  with  a  4  cm''  resolution 

The  powder  slightly  pressed  into  a  self-supported  pellet,  was  placed  inside  a  vacuum  ci  ll 
described  elsewhere^  This  cell  allowed  to  analyze  a  sample  at  different  temperatures  and  under 
controlled  pressures  of  gases  Prior  to  start  an  experiment,  the  SiC  pellet  was  activated  The 
activation  consisted  in  heating  the  sample  at  870K  under  dynamic  vacuum  (10*'  mbar)  for  two 
hours  and  in  cooling  it  down  to  room  temperature  while  kept  under  vacuum  This  activation 
made  the  sample  surface  free  of  all  pollution  The  evolution  of  the  IR  spectrum  was  followed  in 
v/m  w  hile  the  sample  was  submitted  to  different  oxygen  pressures  at  670,  770  and  870K 


INFRARED  DATA 

In  figure  1,  the  Infrared  spectra  of  the  activated  SiC  surface  are  compared  belirrc  and  after 
oxid-t'ion  .A  prc'.  iously  leponed  anaiysis  ot  the  oxidation  pointed  out  the  strong  increase  of  the 
'747  cm  '  band  assigned  to  the  v(OH)  stretching  vibration  in  Si-OH  species  on  silica-like 
surfaces  along  with  the  appearance  of  CO,  in  the  gas  phase'’  In  the  following,  the  discussion 
will  deal  with  the  v(SiH)  absorption  range,  namely  2400-2000  cm*' 

Figure  2  shows  the  v(SiH)  absorption  range  at  two  different  temperatures  for  the  same 
oxygen  pressure,  whereas  tigure  ,'  compares  the  effect  of  two  different  oxygen  pressures  for  the 
same  temperature  In  both  figuics,  spectra  are  given  versus  oxidation  limes 

Prior  to  oxygen  addition,  two  bands  are  located  at  2262  and  2142  cm  '  This  latter  band 
has  already  been  assigned  to  the  v(SiH)  stretching  vibration  in  the  SiH^  surface  species  on  free 
silicon  particles'  whose  presence  is  confirmed  by  the  C/Si  ratio  in  the  present  sample 


WaT«numb«r 

Figure  I  Infrared  spectra  of  the  silicon  carbide  surface 
activated  (bottom)  then  oxidized  (top)  at  770  K,  under  80  mbar  O2  during  5  h 
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Figure  2  Infrared  spectra  of  Si-H  absorption  range  versus  oxidatittn  time 
Oxidation  under  48  mbar  O;  at  870  K  (left)  and  670  K  (right) 
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Figure  3  Infrared  spectra  of  the  Si-Fl  absorption  range  '/crsus  ex'dation  time 
Oxidation  at  770  K  under  48  mbar  O2  (left)  and  10  mbar  O;  (right) 


The  oxygen  action  makes  this  2142  cm  '  band  shift  downward  to  21  10  cm  ’  This  latter 
frequency  can  be  assigned  to  the  v(SiFI)  vibration  in  monohydride  SiH  surface  groups  on  silicon 
particles  This  is  probably  connected  to  the  formation  of  Si-OF)  surface  species  as  above 
mentioned'’"'  (Fig  I ) 

The  2262  cm  ’  has  been  assigned  to  the  v(SiH)  vibration  in  H-SiO^C,.^  surface  groups^ 
Under  oxygen,  its  absorption  maximum  shifts  toward  higher  wavenumbers  (for  example,  up  to 
2297  cm'’  at  870K,  48  mbar  Oj,  5h)  We  can  relate  t)iis  evolution  to  the  effect  observed  by 
Lucovsky  et  al*  in  SiO^  H  alloys  Indeed,  those  authors  showed  that  the  v(SiH)  frequency 
depends  on  the  local  electronegativity  around  the  Si  atom  As  a  result,  different  environments  of 
the  silicon  atom  imply  distinct  SiFI  stretching  bands 
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Considering  the  SiH  chemical  species  in  the  present  sample,  the  silicon  atom  is  bonded  lo 
carbon  atoms  from  the  bulk  When  oxidation  occurs,  those  carbon  atoms  are  steadily  replaced 
by  oxygen  atoms  leading  to  the  formation  of  H-SiO^Cj.j  mixed  species  (x=^l,  2  or  3)  whose 
v(SiH)  frequencies  vary  versus  x  values  The  greater  electronegativity  of  oxygen  compared  with 
the  carbon  one  should  result  in  an  increase  of  the  v(SiH)  absorption  wavenumber 


SIMULATION  ANALYSIS:  RESOLUTION  OF  THE  2270  cm  '  BAND 

Each  H-SiO^C^.^  species  (x=0,  1,  2  or  3)  contributes  to  the  -2270  cm  '  band  Therefore, 
we  intended  to  resolve  it  into  four  subbands  corresponding  to  each  H-SiO^C^,^ 

The  analysis  was  performed  by  using  the  FOCAS  program  (Full  Optimization  Curse 
Analysis  Software,  from  Nicolet  Inc  )  In  agreen  "  -  'erature  data"*',  we  assumed  a 

Gaussian  shape  for  all  the  subbands  with  a  banc  •  nly  fixed  at  (>0  cm  '  which  is 

roughly  the  width  at  half  maximum  absorbance  of  a  o..  v  .H)  band  in  similar  compoimds'' 
During  the  first  step,  the  frequencies  of  the  four  absorptit  uaxima  were  estimated  in  order  to 
get  on  average  the  best  fit  for  all  the  experimental  bands  Then,  the  calculation  was  run  keeping 
those  frequencies  constant  The  intensities  of  the  subbands  varied  so  as  to  fit  the  '2270  cm  ' 
band  at  best 

In  this  way,  the  SiH  absorption  range  was  resolved  into  four  c  onents  at  2232.  2268, 
2300  and  23  17  cm  ',  corresponding  respectively  to  H-SiO^C-,.^  species  v>  th  x“C.  or  ’  .As 
an  example,  the  relative  intensities  of  those  bands  are  given  in  Tabic  't  several  oxidation 
degrees  Figure  4  compares  the  evolution  of  the  experimental  spectra  with  t^e  re  of  the 
modelled  spectra  reconstructed  from  the  four  subbands 

Table  1  Resolution  of  the  '2270  cm  '  band  into  four  subbaiids 
The  relative  area  (A)  of  each  subba.id  is  given  versus  oxidation  time,  for  an  oxygen  pressure  of 

48  mbar  at  770K 


oxidation  time 

0 

1-5  min 

30  min 

1  h 

2h 

3  h 

5  h 

A  (23 17  cm-') 

8 

23 

31 

30 

28 

31 

A  (2300  cm-'  ) 

3 

8 

1 

1 

5 

6 

1 1 

A  (2268  cm-') 

86 

60 

59 

64 

60 

58 

54 

A  (2232  cm-') 

3 

8 

9 

4 

7 

_  _ 

4 

43 

h 

O 

■a 


5  h 
3  h 
Z  h 
1  h 

30  min 

1  min 
0 


2400  2300  2200 


Wav0numb«r  Wavenumber 

Figure  4  Comparison  of  the  evolutions  of  Si-H  absorption  range  under  oxidation: 
experimental  spectra  (left)  and  reconstructed  spectra  from  the  four  subbands(right) 
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rhe  concomitant  increase  of  the  2317  cm  '  band  corresponding  to  the  H-SiO,  spc^.ies  with 
the  decrease  of  the  2268  cm  '  band  (H-Sk_20  species)  proves  the  superficial  oxidation  As  for 
the  other  two  species,  it  is  hard  to  find  a  precise  evolution  due  to  their  weak  intensities 
However,  a  fact  is  worth  mentioning  prior  to  any  oxidation,  the  predominant  species  are  not  the 
H-SiC ,  ones,  but  the  H-SiCiO  ones  This  could  be  related  to  the  presence  of  oxygen  in  the  raw 
Si('  powder  Moreover,  the  intensity  of  the  2232  cm  '  band  assigned  to  those  scarce  H-SiC , 
species  does  not  seem  to  decrease  An  attempt  of  explanation  could  be  that  those  species  would 
not  be  on  the  surface  but  inside  the  bulk  instead,  which  would  be  consistent  with  the  fact  that  the 
H'D  isotopic  exchange  on  the  SiH  species  does  not  reach  completion 


AH  IMTIO  CALCliLAI  IONS. 

The  v(SiH)  frequencies  depending  on  the  number  of  oxygen  atoms  bonded  to  silicon  were 
calculated  using  the  ah  initia  SCF-MO  method  with  the  restricted  Harlree-I  ock  (RHF)  3-21G 
basis  set  (GAL'SSIAN  92  package")  Since  a  model  representing  the  surface  species  had  to  be 
chosen,  pseudo-molecules  were  constructed  based  on  the  trimethylsilane  molecular  geonietrv  '- 
and  literature  data' '  Geometries  were  optimized  in  order  to  get  the  equilibrium  energies  under 
the  restraining  condition  of  frozen  CH,  groups,  given  that  the  rotation  of  those  groups  should 
hardly  influence  the  v(SiH)  frequencies 

In  those  above-defined  systems,  results  show  that  the  v(SiH)  stretching  vibration  is  elearlv 
isolated  from  all  other  vibrational  modes  of  the  pseudo-molecules  In  Table  II  are  reported  the 
v(SiH)  frequencies  along  with  summarized  results  regarding  the  corrcspmiding  Si  and  H  atoms 

Table  II  Summarized  results  of  the  3-2 IG  calculations 


Pseudo-molecule 

(CH,)7(OH)Si-H 

(CH,)(OH),Si-H 

(OH)vSi-H 

Symmetry 

IHIIBRHBB 

C.s 

c, 

Frequency  v{SiH) 
(cm-') 

22I6(A|) 

2306  (.A') 

2351  (A) 

2467  (.A) 

SiH  force  constant 
(mdyn  A  ') 

3  008 

3.263 

3  392 

3.739 

SiH  bond  length  (A) 

1  497 

1  482 

1  476 

r458 

H  atomic  charge 

-0,230 

-0  250 

-0  288 

-0  295 

Si  atomic  charge 

+  1  494 

+  1  600 

+  1  681 

-M  763 

It  is  well  known  that  this  method  of  calculation  overestimates  the  frequencies'-  If  we 
consider  the  experimental  v(SiH)  frequency  in  trimethylsilane''',  namely  2116  cm  ',  as  a 
reference,  the  resulting  scale  factor  is  0  955  Applying  this  scale  factor  to  the  other  frequencies, 
we  obtain  the  following  corrected  ones  2202.  2249  and  2355  cm"  The  striking  feature  among 
these  results  is  the  negative  charge  on  the  hydrogen  atom  on  one  hand,  and  on  the  other  hand 
the  positive  charge  on  the  Si  atom  which  greatly  increases  with  the  number  of  neighboring 
oxygens  An  explanation  can  be  found  in  the  higher  electronegativity  of  the  oxygen  atoms  which 
draw  charge  away  from  silicon  when  substituted  to  carbon*  The  strong  increase  of  the  silicon 
charge  along  with  the  shortening  of  the  SiH  bond  length  are  consistent  with  the  Sanderson's 
model'*  quoted  by  Hasegawa  el  al.  in  SiO^  H  alloys  analysis'*  As  a  consequence,  the  SiH  force 
constant  increases  as  the  v(SiH)  stretching  frequency  does  This  increase  of  the  calculated 
frequencies  is  strong  compared  with  the  experimental  values  Indeed,  the  calculations, 
performed  on  isolated  pseudo-molecules,  do  not  take  into  account  silicon's  second-neighbor 
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atoms  which  should  reduce  the  electron  transfer  Nevertheless,  these  results  clearly  show  the 
charge  transfer  caused  by  the  carbon-oxygen  substitution 

CONCLUSION 

The  investigation  of  the  v(SiH)  absorption  range  by  FT-IR  spectrometry  along  with 
simulation  analysis  and  ab  iniuo  SCF-MO  calculations  prove  the  v(SiM)  stretching  frequency  to 
be  a  good  sensor  of  the  oxidation  degree  of  the  silicon  carbide  surface 

Under  contiolled  oxidation,  oxygen  steadily  replaces  carbon  in  the  H-SiO,jC,.^  surface 
mixed  species  The  greater  electronegativity  of  oxygen  causes  a  charge  transfer  resulting  in  a 
more  positive  silicon  atom,  a  shortened  SiH  bond  length,  a  stronger  SiFI  force  constant  and  thus 
a  higher  v(SiH)  frequency  Consequently,  the  frequency  of  the  maximum  absorption  of  the 
v(SiH)  band  allows  us  to  identify  the  nearest  neighbors,  oxygen  or  carbon,  of  the  silicon  atoms 
on  the  surface 
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ABSTRACT 

The  gas-condensation  technique  is  used  to  produce  the  nanocryslalline  WO,  j,,  PiAVO,  and 
PdAVO,,^  powders  under  different  atmospheres  and  pressures  High  resolution  electron 
microscope  shows  there  exists  well  bonded  interface  between  Pt  or  Pd  and  WO, ,,  The  W'O, 
PtA\  0|  ^  and  Pd.A\'0,  ,,.  nanocrystals  grow  into  needle  shape  with  plate  inside  when  these  as- 
tsaporated  powders  are  compacted  and  sintered  at  900  "C  for  two  hours  The  plate  grows 
preferentially  in  {2201  along  <007>  direction.  However,  the  mean  particle  size  of 

nanophase  Pt  and  Pd  only  increases  from  less  than  10  nm  to  30  nm  and  50  nm,  respectively  The 
gas  chromatography  results  show  that  nanophase  PtAVO,,,^  powders  have  better  catalylic  effects 
in  converting  CO  to  CO,  than  nanophase  WO,.,,,  and  PdAVO,,.,,  powders 

INTRODl’CTION 

The  rate  of  product  formation  in  a  catalylic  reaction  depends  on  extrinsic  parameters  (which 
can  be  varied  for  a  given  catalyst)  such  as  partial  pressures,  temperature,  flow  rate,  etc  ,  as  well 
as  on  intrinsic'  parameters  which  are  defined  by  the  nature  of  the  catalyst  itself  The  steady-state 
rate  of  catalylic  reaction  is  in  general  a  consequence  of  a  rather  complex  series  of  elementary 
steps  consisting  of  adsorption,  desorption,  surface  reaction,  and  migration  processes  The 
reaction  mechanisms  of  catalysis  were  well  discussed  and  many  models  were  proposed  in  many 
papers  [1-22] 

In  the  absence  of  diffusion  limitation,  the  rate  of  a  catalytic  reaction  should  be  proportional 
to  the  surface  area  of  the  active  sites  To  maximize  the  surface  area,  it  is  necessary  to  make  the 
particles  as  small  as  possible,  i  e  to  maximize  the  fraction  of  the  atoms  that  are  on  the  surfaces 
This  is  particularly  important  with  the  noble  metals  of  Group  Vlil  which  are  expensive  but  of 
high  catalytic  activity. 

In  this  investigation,  gas-condensation  technique(23]  was  used  to  produce  the 
nanocrystalline  Pt  or  Pd  coated  nanophase  tungsten  oxide  (WO,.,;)  powders  The  advantages  of 
having  the  nanocrystalline(NC)  metal  particles  on  the  support  are  as  follows: 

(1)  They  make  the  handle  of  catalyst  easier  and  safer. 

(2)  They  may  be  used  in  a  variety  of  reactors 

(3)  They  may  be  recovered  by  filtration,  when  used  in  a  liquid  medium. 

(4)  They  are  hard  to  grow  by  sintering  when  heated  to  high  temperature  because  the 
particles  are  well  separated  from  each  other 

(5)  They  provide  a  means  of  bringing  promoters  into  close  contact  with  the  metal. 
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Ihc  objectives  of  this  study  are  first,  to  study  the  interfacial  properties  between 
nanocrystalline  metal  and  oxides  so  as  to  evaluate  the  performance  of  the  applications,  and 
second,  to  study  the  calalylic  activities  of  compacting  nanocrystalline  WO,  Pl/WO,  ^  and 
Pd/WO, ,,  powders  for  CO  oxidation 

EXPERIMENTAL 

rhe  gas-condensation  system  consists  of  a  high  vacuum  chamber  with  a  pressure  of  about 
txlO  '  mbar[23]  The  starting  materials  are  evaporated  using  conventional  methods  but  kept  in  a 
constant  high  purity  oxygen  (or  mixed  with  helium)  pressure  During  the  evaporation  in  the 
oxvgen  (or  mixed  with  helium)  atmosphere,  the  particles  are  carried  by  convective  gas  flow  from 
the  resistance-heated  source  to  a  cold  trap  where  the  particles  are  collected  The  size  of 
nanocrystalline  panicles  can  be  controlled  by  setting  different  chamber  pressures  The  pure 
tungsten  was  evaporated  in  Oj  atmosphere  of  10  mbar  to  produce  the  nanophase  WO,  powders 
first  The  resulting  nanophase  tungsten  oxides  were  deposited  on  a  rotary  cold  trap  with  a 
diameter  less  than  100  nm  Then,  the  pure  Pt  or  Pd  was  directly  evaporated  under  He 
atmosphere  of  3x10'*  mbar  and  nanophase  particles  were  formid  with  diameters  of  less  than  10 
nm  onto  the  surface  of  na^ophase  tungsten  oxides 

Hitachi  800  TEM/STEM  images  of  as-evaporated  powders  are  used  to  determine  the  mean 
particle  size  Interfacial  properties  of  nanocrystalline  Pt  (  or  Pd)  and  tungsten  oxide  are 
examined  by  JEOL  4000EX  high  resolution  transmission  electron  microscopy  (HRTEM)  Those 
powders  are  compacted  with  polyvinyl  alcohol  (PVA)  into  a  disc  shape  of  4  mm  in  diameter  and 
0.5  mm  in  thickness  under  15  GPa  pressure  Then  the  compacted  specimens  are  sintered  at  600 
C  ,  750  "C  ,  and  900  "C  ,  separately,  for  2  hours  in  an  argon  atmosphere  of  0  5  atm  to  obtain 
different  structures  and  grain  sizes 

The  surface  morphologies  of  these  sintered  samples  are  analyzed  by  Akashi  Beam 
Technology  ABT-55  scanning  electron  microscope  (SEM)  The  composition  and  the  noble 
metal  distribution  of  Pl/WO,.;,;  or  PdAVOj^  were  analyzed  by  energy  dispersive  X-ray 
spectrometer  in  ABT-55  SEM  Gas  chromatography  is  used  to  analyze  the  carbon  monoxide 
conversion  rate  of  compacting  nanocrystalline  WO,.,,,  PtAVO,.,,  and  PdA\'0,.y  powders  at 
various  temperatures  m  a  space  velocity  of  12000  ml  h  '  and  10000  ppm  CO/ Air  atmosphere 

RESULTS  AND  DISCUSSION 

Figure  1  shows  TEM  images  and  diffraction  patterns  of  as-evaporated  WO,.,,,  NC  Pt-coated, 
and  NC  Pd-coated  NC  WO,  „  particles  separately  The  particle  size  of  WO,  ,,  is  about  100  nm 
or  less  and  the  shapes  are  spherical,  rhombic,  and  hexagonal.  The  diffraction  patterns  indicate 
that  the  crystal  structure  of  NC  WO,.,,  is  tetragonal  Image  also  shows  that  the  doped  NC  Pt 
and  Pd  have  mean  particle  size  of  less  than  10  nm  and  that  they  are  well  dispersed  on  the  surface 
ofNC  WOj.^ 

Interfacial  bonding  of  metal  with  oxide  is  a  preliminary  requirement  for  WO,.„  supported  Pt 
or  Pd  catalysis.  HRTEM  images  in  figure  2  show  that  a  good  interfacial  bonding  between  the 
nanocrystalline  Pt  or  Pd  and  nanocrystalline  WO,.,,  is  achieved.  This  demonstrates  the  possibility 
of  synthesizing  the  nanocrystalline  metal/nanocrystalline  oxide  particles  by  the  gas-condensation 
technique  with  good  metal/oxide  interfacial  bonding. 
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Sintered  NC  PtAVO,  panicles  present 
an  interesting  phenomenon  Figure  3 
indicates  that  the  particle  size  does  not 
change  too  much  at  low  sintering 
temperature  such  as  600  °C  or  750  °C 
However,  for  sintering  at  higher 
temperature,  the  particle  size  and  shape  as 
shown  in  figure  3  would  change 
dramatically.  When  sintering  temperature 
reaches  900  °C  ,  the  particles  grow  into  a 
needle  shape  with  crystal  plates  inside. 
Streak  lines  can  be  seen  in  the  diffraction 
spots.  Streak  lines  in  diffraction  patterns 
arise  from  the  crystal  plates  lying  parallel  to 
the  electron  beam  This  indicates  that  the 
plate  shape  has  a  preferential  growth  plane 
and  direction.  The  electron  diffraction 
pattern  is  effectively  a  cross-section  of 
reciprocal  space  The  overall  effect  is  to 
produce  either  streaks  or  satellites.  When 
the  deviation  parameter  S  is  equal  to  zero, 
the  precipitate  streaks  in  the  plane  of  Ewald 
sphere  are  visible  in  the  diffraction  pattern. 
However,  v,!.'n  S  rt  0  the  Ewald  sphere 


' . 

ML 

• 

and 


. . .  .  .  .  0  the  Ewald  sphere  ^  '^age 

cuts  the  precipitate  streaks  at  an  angle  and 

forms  satellites  The  results  of  diffraction  respectively,  (c)  and  (d)  are  TEM  image  and 
pattern  and  image  of  NC  PtAVOj  x  indicate  selected  area  diffraction  pattern  of  NC  PtAVO,.^, 

that  the  crystal  plates  are  in  the  (2201  (e)  and  (0  ate  TEM  image  and 

'  ’  selected  area  diffraction  pattern  of  NC  PdAVO,  y, 

plane  along  <  00  1  >  direction  Sintered  NC 

W'O,  V  particles  also 

ones. 


WO,  y  or  Pd-dopev.  ^^j.y 


respectively. 


show  the  similar  results  as  the  NC  PtAV'O,, 

Nanophase  Pt  or  Pd  particles  did  not  grow  into  a  thin  film  or  big  particles  at  high 
temperature  such  as  900  °C  Actually,  the  growth  of  nanophase  Pt  or  Pd  particles  on  the  surface 
of  WO,  y  is  not  very  significant  The  mean  particle  sizes  of  nanophase  Pt  and  Pd  particles  are 
only  increased  to  around  30  nm  and  50  nm  respectively  after  being  sintered  at  900  °C  for  two 
hours  It  is  believed  that  the  minor  growth  of  nanophase  Pt  or  Pd  particles  is  due  to  good 
dispersion  of  nanophase  Pt  or  Pd  particles  on  the  surface  of  WOj.y  particles 

SEM  images  of  surface  morphology  of  WO,  y  in  figure  4  indicated  that  lower  sintering 
temperature  causes  less  porosity  No  pore  structures  are  observed  when  sintering  temperature  is 
below  750  °C,  whereas  clear  pores  of  network  structure  appear  when  the  sintering  temperature 
reaches  900°C  The  presence  of  a  network  structure  is  due  to  the  fact  that  the  WOj.y  grows  into 
needle  shapes  and  large  pores  form  as  sintering  temperature  is  900  °C  When  WO,.y  is  doped 
with  Pt  or  Pd,  the  same  results  are  obtained  as  shown  in  figure  4.  This  indicates  that  even  at 
sintering  temperature  as  high  as  900°C,  the  NC  Pt  or  Pd  is  not  sintered.  The  good  dispersion  of 
Pt  or  Pd  prevents  the  growth  of  small  Pt  or  Pd  particles.  The  results  of  SEM  observation  prove 
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this  speculation  X-ray  mapping  of  Pt  and  Pd  shows  that  NC  Pt  and  Pd  particles  are 
homogeneously  aispersed  on  the  surface  of  WO,^^ 


Measurement  of  the  amounts  of  Pt  and  Pd  doping 
by  EDS  shows  that  they  are  5  3  wt%  and  8.5  wt%, 
respectively 

Figure  5  shows  the  CO  conversion  rate  of 
WO,..^,  PtAV03.j;,  PdAVO^.^  and  filler  at  different 
reaction  temperatures  with  a  space  velocity  of 
12000  ml  h-',  10000  ppm  CO  It  is  obvious  that 
the  CO  conversion  rate  of  PtAVO^^^.  catalysis  is 
better  than  the  one  of  PdAVOj  This  is  probably 
due  to  the  particle  size  effect  As  the  particle  size 
of  Pd  gets  bigger  than  the  one  of  Pt  after  being 


Figure  3  :  (a)  and  (b)  are  TEM  image  and  selected 
area  diffraction  pattern  of  NC  PtAVO,  ^  sintered 
at  600°C  for  2  hours,  respectively,  (c)  and  (d)  are 
TEM  image  and  selected  area  diffraction  pattern 
of  NC  PtAVOj  jj  sintered  at  750  °C  for  2  hours, 
respectively,  and  (e)  and  (0  are  TEM  image  and 
selected  area  diffraction  pattern  of  NC  PtAVOj 
sintered  at  900”C  for  2  hours,  respectively 


Figure  2  :  (a)  HRTEM  images  of  nanophase 
PtAVOj  x  (b)  HRTEM  images  of  nanophase 
PdAVOj.^ 


Temperature!  *C) 

Figure  5  :  Catalytic  activities  of  CO 
oxidation  for  WOj.jj,  PtAVOjx,  and 
PdAVOj catalysts. 


390 


sinlered,  the  number  of  active  sites  of  Pd  decreases  Also,  the  catalytic  activity  of  Pt  is  better 
than  the  one  of  Pd  in  CO  conversion  The  activity  of  a  catalyst  is  expressed  by  T^,  where  is 
the  temperature  for  which  the  conversion  level  is  X%  The  catalytic  activities  of  PtA\'0, 
PA'WO,  and  WO,  ^  aie  shown  in  table  1  For  the  same  catalytic  activity,  the  PtAVO,  ^  always 
shows  a  lower  reaction  temperature  The  lowei  reaction  temperature  of  PtAVO,  ,;  is  attributed 
to  the  smaller  size  of  NC  Pt  particles 


Figure  4  :  SEM  micrographs  of  WO,,,j  sintered  for  2  hours  at  (a)  600 °C,  (b)  750°C  and  (c)  900 
°C,  SEM  micrographs  of  PtAVO,  ^.  sintered  for  2  hours  at  (d)  600 °C,  (e)  750°C  and  (t)  900 ”C, 
and  SEM  micrographs  of  PdAVO, sintered  for  2  hours  at  (g)  6o0”C  (h)  750°Cand  (i)  900°C 

Table  I  Activities  of  WO,.,;,  PdAVO,  j(  and  PtAVO, catalysts 


T 
*  10 

T«, 

T,„ 

imEsm 

380"C 

>600”C 

»600°C 

I20”C 

300”C 

>600°C 

100°C 

280"C 

500*C 
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CONCIASIONS 


Nanocnstallinc  VVO,  Pt'WO,  ^  and  PdAV'O,  ^  catalyits  are  synthesiaed  by  gas 
evaporation  method  The  results  show  a  good  interfacial  bonding  between  the  Pt  or  Pd  and 
WO,  ^  particles  Sintered  at  %0  C.  the  NC  WO,  ^  particles  grow  into  a  needle  shape  with  the 
plate  structure  inside  while  a  network  structure  is  formed  The  plate  grows  preferentially  in  the 
J2i0)  plane  along  <  oo  I  >  direction  NC  Pt  or  Pd  doped  WO,  possesses  the  same  feature  due 
to  the  fact  that  the  NC  Pt  or  Pd  is  well  dispersed  on  the  surface  of  WO,  NC  Pt  or  Pd  particles 
do  not  grow  dramatically  even  when  sintered  at  900  °C  This  is  an  advantage  of  NC  Pt  or  Pd 
doped  oxide  NC  Pt/WO, ,,  shows  better  CO  conversion  rate  than  NC  PdAVO,  However  for 
the  same  conversion  rate,  the  PtAVO,  has  a  lower  reaction  temperature 
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ABSTRACT 


.■\s  reported  prev  iouslv,  perfect  facets  can  be  achieved  at  the  side  walls  of  submicron  silicon 
mesa  structures  grown  by  molecular  beam  epitaxy  (MBE)  with  micro  shadow  masks  [I],  An 
essentially  self  organizing,  three-dimensional  growth  was  observed.  In  this  paper  we  present 
the  results  of  the  epitaxial  growlh  on  (001)  substrates  using  long  (>l  pm)  .  lineshaped  mask 
apertures,  which  put  constraints  on  the  formation  of  facets.  At  a  growth  temperature  of  SOO'C 
1  1 1 1  1  facet  formation  is  observed  for  lineshaped  mesas  onented  along  the  <1 10>  direction  of 
the  substrate  Side  walls  with  a  length  of  1  pm  are  perfectly  plane,  while  mesas  with  a  length 
of  10  pm  and  more  show  rough  sidewalG  This  is  explained  by  a  limited  silicon  adatom 
diffusion  on  the  facet  For  higher  flux  rates  the  facet  formation  is  suppressed  This  can  be 
understood  in  terms  of  a  reduced  adatom  diffusion. 

crossover  from  i  1 1 1  1  to  !  I  l.t[  facet  formation  is  observed  at  growth  temperatures  above 
vIH'  (  model  for  th-'  temperature  dependent  foimation  of  )  1 1 1 !  and  { i  1.31  facets  is  given. 

INTRODICTION 

Nonphinar  epitaxial  growth  allows  the  fabrication  of  extremely  small,  low-dimensional 
electronic  devices  w  ithout  high  resolution  lithography  [2,3,4].  Various  methods  are  reported  in 
the  literature  on  how  to  achieve  controlled  iacet  fotmation  In  Ill-V  materials  epitaxial  growth 
on  vicinal  substrates  [.S]  and  on  patterned  substrates  has  been  investigated  [3,6].  Facet 
formation  of  silicon  has  been  observed  for  selective  epitaxial  growth  on  silicon  dioxide 
patterned  silicon  substrates  [7|  and  for  local  epitaxial  growth  with  micro  shadow'  masks  [I]. 
Both  ultra  high  vacuum  chemical  vapor  deposition  (UHV-CVD)  and  molecular  beam  cpita.xy 
(MBE)  have  been  utilized  for  epitaxial  growth  UHV-CVD  has  different  growth  rates  on 
ditterent  surface  onentations  due  to  different  reaction  rates  for  the  decomposition  of  silane  or 
disilane.  On  the  other  hand  for  MBE  the  sticking  coefficient  of  silicon  is  equal  to  one, 
independent  of  surface  onentation  However,  a  local  variation  of  growth  rates  at  a  mesa  sur¬ 
face  can  be  achieved  by  geometrical  means  such  as  shadow  masks.  Different  growth  rates  of 
different  facets  lead  to  changes  in  the  size  of  the  facets  The  slowest  growing  facet  is  preferred 
at  convex  edges,  while  at  concave  edges  the  fastest  growing  facet  is  formed.  Simulations  based 
i  r;  these  assumptions  agree  with  growth  experiments  on  nonplanar  GaAs  substrates  [8]. 

Av  opposed  to  other  techniques,  the  concept  of  micro  shadow  masks  allows  to  grow 
freestanding  mesas  with  crystalline  perfect  surfaces.  Epitaxial  growth  with  micro  shadow 
masks  at  a  low  growth  rate  (~  0  I  nm/s)  and  a  growth  temperature  of  470"  C  leads  to  {111} 
facet  formation  [  I  ]  For  square  mask  apenures  with  a  side  length  of  350  nm  the  mesas  take  the 
shape  of  a  pyramid  with  a  tip  radius  of  less  than  10  nm.  The  base  lines  of  the  pyramid  are 
oriented  parallel  to  the  <110^  axes  of  the  substrate,  independent  of  the  orientation  of  the  mask 
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aperture  In  this  case  both  shape  and  orientation  of  the  mesa  are  determined  by  the  orientation 
of  the  substrate  and  "  't  by  the  mask 

To  determine  the  limits  of  such  selforganizing  growth,  we  investigate  here  facet  formation 
of  lineshaped  mesas  depending  on  the  length  and  orientation  of  the  mask  aperture  We  also 
show  the  influence  of  flux  rate  and  growth  temperature  on  the  facet  formation 


EXPERIMENT 

The  growth  experiments  were  perfoimed  in  an  indigenous  MBE  system  The  base  pressure 
was  3  lu"’  mbar  nsing  to  2  10''  mbar  during  evaporation  Before  MBE  growth  a  micro 
shadow  mask  was  built  up  on  the  substrate  [0],  (001)  Si  substrates  were  thermally  oxidized  at 
1050‘C  up  to  1  pm  oxide  thickness  In  an  LPCVD  process  a  100  nm  thick  silicon  nitride  layer 
was  deposited  at  700' C  onto  the  oxide  layer.  Electron  beam  lithography  in  combination  with 
CF4-  plasma  etching  was  used  to  pattern  the  nitride  film.  After  the  etching  the  PMMA  was 
ren.oved  with  boiling  aceton  and  the  oxide  was  etched  by  hydrofluoric  acid  By  underetching 
the  nitride  layer  the  shadow  mask  was  formed.  After  a  final  RCA  clean  the  substrates  were 
transferred  to  the  MBE  system.  The  natural  oxide  was  desorbed  at  OOO'C  for  5  minutes  For 
most  of  the  experiments  a  growth  rate  of  0.08  nm/s  was  chosen  The  growth  rate  relates  to  the 
poly  silicon  layer  on  top  of  the  nitride.  The  growth  temperature  was  varied  between  500  'C 
and  730'C,  The  temperature  was  determined  by  pyrometry. 

For  the  investigation  of  the  mesa  growlh  SEM  analysis  was  performed  at  cleaved  edges. 


RESULTS  AND  DISCUSSION 


By  depositing  silicon  atoms  through  the  mask  aperture  of  the  shadow  mask,  mesa  structures 
grow  locally  on  the  <001)  substrate.  Among  the  possible  facets,  which  can  be  formed  on  the 
surface  of  the  mesa,  the  {111}  facet  (Fig.  1 )  is  preferred  due  to  its  lowest  surface  energy  of 
1,23  J/m^  [10],  For  {1001,  {113}  and  {110}  facets  this  energy  amounts  to  1.36  J/m\  1.38  J/m‘ 
and  1  43  J/m^  Flowever,  as  MBE  growth  works  in  supersaturation,  equilibnum  properties  like 
the  formation  of  a  thermodynamically  stable  surface  do  not  necessarily  occur. 

At  first  we  investigate  mesa  structures  aligned  along  the  <1 10>  direction.  1  pm  long,  line¬ 
shaped  mesas  grown  at  500' C  essentially  exhibit  {111)  facets  at  the  side  walls  and  a  (001)  sur¬ 
face  on  top  (Fig.  2a).  Although  the  mask  aperture  has  a  roughness  of  50  nm  due  to  overgrown 
poly  silicon  grains,  the  side  walls  are  perfectly  plane.  Mesa  structures  with  a  length  of  10  pm 
(Fig.  2b)  and  more  show  rough  side  walls,  which  consist  of  many,  small  sections  of  {111} 
facets.  Slight  misorientation  of  the  mask  towards  the  <!  10>  direction  of  the  substrate,  defects 
and  contamination  at  the  substrate  surface  or  locally  varying  growlh  rates  due  to  fluctuations 
(001)  [001) 


(OlO) 


Fig.  1:  inclination  angles  of  the  {113}  and  {111}  crystallographic  planes 
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Fitf.2:  SEM  micrographs  of  cleaved  micro  shadow  masks  oriented  along  the  <1 10>  direction 
of  the  (001)  Si  substrate.  The  a)  1pm  and  b)  10  pm  long  mesas  were  grown  at  500"  C. 


Fiy.  3:  SEM  micrograph  of  a  cleaved  Si 
mesa.  Mask  aperture  oriented  along 
<100>.  Growth  temperature:  500"  C, 
Growth  rate:  O.OSnm/s. 


Fie.  4:  SEM  micrograph  of  a  cleaved  Si 

mesa.  Mask  aperture  oriented  along 
<100>.  Growth  temperature:  500°C, 
growth  rate;  0.27  nm/s. 


in  the  mask  aperture  width  can  lead  to  this  roughness.  For  small  structures  diffusion  of  the 
adatoms  obviously  smooths  out  any  steps  at  the  side  walls.  Structures  exceeding  the  diffusion 
length  for  adatoms  in  the  direction  of  the  mesa  orientation  will  in  general  not  show  a  single¬ 
facet  side  wall.  Even  long,  lineshaped  mesas  oriented  along  the  <100>  axes  of  the  substrate 
exhibit  (111)  facets  (Fig.  3),  which  again  proves  the  preference  of  the  (11!)  surfaces. 
However,  the  different  orientation  of  mesa  and  facet  leads  to  a  very  ragged  side  wall. 

The  facet  formation  can  be  suppressed  by  a  higher  growth  rate  of  0.27  nm/s  (Fig.  4).  This 
indicates  the  importance  of  a  relaxation  time  for  the  facet  formation.  We  discuss  this  by  the 
following  model  for  the  mesa  growth  with  micro  shadow  masks  including  diffusion  of 
adatoms  under  Che  shadow  mask. 

In  the  initial  growth  stage  of  the  first  few  monolayers  the  deposited  Si  atoms  will  experience 
a  rather  rough  substrate  surface  due  to  the  previous  HF-dip  or  a  slight  miscut  of  the  (001) 
substrate  (±1").  They  will  immediately  be  built  in  at  steps  of  the  substrate  and  a  fiuther 
diffusion  is  suppressed.  The  initial  width  of  the  mesa  should  be  close  to  the  width  of  the  mask 
apermre.  Determining  the  ratio  of  the  growth  rates  of  the  (001)  top  surface  layer  and  the  { 1 1 1 } 
facet  to  3.8  from  figures  5a  and  5b,  the  initial  width  of  the  mesa  can  be  estimated  to  be  330 
nm.  This  agrees  well  with  the  measured  width  of  the  mask  aperture  of  310  nm.  The  edges  of 
the  mesa  are  located  under  the  shadow  mask.  Thus  the  growth  of  the  (111)  facet  depends  on 
the  Si  adatoms  diffusing  from  their  place  of  deposition  to  the  edge  of  the  mesa.  This  will  in 
general  be  a  slow  process,  which  enables  the  side  wall  to  form  a  thermodynamically  stable 
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Fie.  S:  SEM  micrographs  of  cleaved  Si  mesas  grown  with  a  3 10  nm  wide  micro  shadow  mask 
at  a  growth  temperature  of  500" C.  The  growth  is  stopped  at  different  stages. 

{ 1 1 1  [  facet.  At  a  growth  temperature  of  500"  C  the  low  diffusion-limited  flux  of  adatoms  also 
leads  to  the  smaller  growth  rate  of  the  { 1 1 1  (  facet.  Thus  the  extension  of  the  { 1 1 1 1  facet  in¬ 
creases  relative  to  the  (001)  surface  while  growth  proceeds  (Fig.  5b).  At  a  mature  growlh  stage 
of  the  mesa  the  {111)  facet  will  extend  from  an  area  underneath  the  shadow  mask  into  the 
window  of  the  mask  (Fig.  2a).  Still  the  growth  rate  of  the  side  wall  facet  is  lower  compared  to 
the  top  surface,  because  Si  atoms  deposited  on  the  part  of  the  facet  inside  the  mask  aperture 
have  to  provide  the  material  for  the  growth  of  the  whole  facet.  Finally  the  (001 )  top  surface  of 
the  mesa  vanishes  and  a  sharp  ridge  is  formed  (Fig.  5c).  If  the  part  of  the  facet  underneath  the 
shadow  mask  equals  the  diffusion  length  for  Si  adatoms  in  the  direction  to  the  mesa  basis,  no 
mass  transport  can  occure  beyond  this  length  at  the  { 1 1 1 }  facet.  A  steep  wall  appears  at  the 
bottom  of  the  mesa  side  wall. 

The  prerequisite  for  such  an  evolution  of  the  mesa  is  a  sufficient  flux  of  Si  adatoms  under 
the  shadow  mask  by  diffusion.  The  grown  surfaces  seem  to  be  smooth  enough  to  allow  a 
transport  of  adatoms  on  the  { 1 1 1  f  facet  up  to  a  distance  of  100  nm  beyond  the  edge  of  the 
mask  aperture.  However,  at  higher  flux  rates  of  impinging  Si  atoms  a  fast  nucleation  of 
adatoms  can  occur  near  the  place,  where  they  have  been  deposited.  These  atoms  are  bound  in 
dimers  on  the  (001 )  top  surface  (11]  and  do  not  contribute  to  the  diffusing  adatoms  forming 
the  side  wall  facet.  Facet  formation  is  suppressed  and  steep  side  walls  as  a  projection  of  the 
mask  are  formed.  Thus  both  facets  and  steep  side  walls  can  be  fabricated  depending  on  growth 
rate  and,  by  the  diffusivity,  on  growth  temperature. 

The  temperature  dependence  of  facet  formation  is  studied  for  1  nm  long  mesas.  It  shows  a 
crossover  from  (111)  facets  to  (113)  facets  at  a  temperature  of  about  570’C  (Fig.  6).  At 
500'C  only  the  (111)  facet  is  detected.  The  kinks  at  the  edges  of  the  (001)  lop  surface  layer 
are  due  to  surface  diffusion  [8].  For  higher  temperatures  the  extension  of  the  {113}  facet 
increases,  while  the  { 1 1 1 }  facet  vanishes.  From  the  equilibrium  point  of  view  the  vanishing  of 
the  {111}  facet  as  the  surface  orientation  with  the  lowest  surface  energy,  is  unexpected.  An 
exclusive  {113}  facet  formation  has  also  been  observed  for  UHV-CVD  selective  epitaxial 
growth  at  T=550'C  in  oxide  windows  [7].  Although  the  growth  rate  of  the  { 1 1 1 }  facet  was 
determined  to  be  about  a  factor  2.5  lower  than  the  growth  rate  of  the  {113}  surface  ,  no  {111} 
facet  formation  was  detected.  Hirayama  et  al.  explained  the  dominance  of  the  { 1 13}  facet  by  a 
reconstruction  at  the  (001)  terrace  edges  minimizing  the  formation  energy  of  the  tilted  side 
walls  [12].  However,  in  our  experiment  the  shape  giving  parameter  seems  to  be  neither  the 
surface  energy  nor  the  formation  energy.  As  the  surface  energy  of  a  {111}  facet  is  lower 
compared  to  the  {113}  facet,  the  disappearance  of  {111}  facets  (Fig.  6d)  contradicts  a  hypo¬ 
thesis  of  a  dominating  influence  of  the  surface  energy  on  the  shape  of  the  mesa  for  our  growth 
conditions.  On  the  other  hand  ,  if  the  formation  energy  determines  the  facet  formation  at  the 
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Fiy.  6:  SEM  micrographs  of  cleaved  Si  mesas  grown  with  a  400  lun  wide  micro  shadow  mask 
oriented  along  the  <1 10>  axis  of  the  (001 )  Si  substrate.  The  growth  temperatures  were 
a)  500°C,  b)  STO^C,  c)  630°C  and  d)  730°C. 


side  walls,  the  size  of  the  ( 1 1 3  (  facets  should  increase  with  decreasing  temperature,  because  at 
lower  growth  temperatures  the  metastable  state  of  a  formation  energy  minimum  can  more 
easily  be  frozen  in.  However,  the  opposite  is  observed. 

We  propose  a  model  for  the  simultaneous  appearance  of  {113}  and  {111!  facets  during 
epitaxial  growth  in  micro  shadow  masks,  based  on  a  temperature  dependent  growth  rate  of  the 
facets.  As  discussed  previously,  the  {111}  facet  is  formed  underneath  the  shadow  mask. 
Initially  its  growth  depends  on  Si  adatoms  diflusing  from  the  projected  edge  of  the  mask 
aperture  to  the  edge  of  the  (001)  top  surface  of  the  mesa  As  temperature  is  increased  the 
diffusivity  of  the  Si  adatoms  is  increased,  too.  More  adatoms  will  reach  the  {111}  facet.  Thus 
the  1 1 1 1 }  facet  will  grow  faster.  At  the  same  time  these  adatoms  are  missing  for  the  growth  of 


Si  Si 


Fjg-  7:  growth  model  for  MBE  growth  with  micro  shadow  masks  at  a)  low  and  b)  high 
temperatures 
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the  top  layer,  especially  in  the  area  close  to  the  mesa  edge  A  1113)  facet  can  be  formed 
between  the  |1U}  facet  and  the  (001)  layer,  growing  slower  than  the  (001)  top  surface 
( Fig.7),  The  higher  the  temperature  the  higher  the  growth  rate  of  the  (111)  facet.  Thus  rising 
temperature  will  decrease  the  ( 1 11 }  and  increase  the  {113}  facet.  The  base  width  of  the  mesa 
will  also  increase  {Fig.  6  a-d).  In  a  situation,  where  the  growth  rates  of  { 1 1 1 )  and  (113)  facets 
are  comparable  (T=630"C),  random  fluctuation  in  the  facet  length  can  occur  (  Fig.  6c). 


SUMMARY 

We  have  investigated  the  growth  kinetics  of  lineshaped,  submicron  wide  mesas  in  micro 
shadow  masks  Mesas  with  a  length  up  to  I  pm  exhibit  plane  side  walls  formed  by  a  single 
facet.  Longer  mesas  show  rough  side  walls.  These  observations  may  be  explained  by  diffusion 
of  Si  adatoms  on  the  facets,  smoothing  out  growth  irregularities. 

For  MBE  growth  with  micro  shadow  masks  a  facet  formation  at  the  side  walls  of  free¬ 
standing  mesas  can  only  occur  when  Si  adatoms  can  diffuse  under  the  shadow  mask.  High  flux 
rates  suppress  the  facet  formation  by  reducing  the  amount  of  freely  diffusing  Si  adatoms.  It  is 
suggested  that  diffusion  plays  the  essential  role  for  the  transition  from  j  1 13)  to  {111}  facet 
formation,  too  Higher  temperatures  lead  to  a  higher  flux  of  adatoms  under  the  shadow  mask. 
This  modifies  the  growth  rates  of  the  different  facets  and  thus  their  extension 
It  has  been  shown  that  by  adjusting  the  growth  parameters  flux  and  temperature,  steep  side 
walls  as  well  as  perfect  facets  can  be  achieved.  Thus  MBE  growth  with  micro  shadow  masks 
offers  a  chance  for  the  construction  of  zero-  and  one-dimensional  electronic  devices  without 
high  resolution  lithography. 
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ABSTRACT 

rhe  oxygen-containing  silicon  (Si)  ultrafine  particles  have  been  deposited  onto  Si  and  SiOj 
substrates  by  evaporation  of  Si  powder  in  an  oxygen-containing  argon  atmosphere.  The  as- 
deposited  Si  ultrafine  particles  exposed  to  the  ultraviolet  light  emit  blue  light,  which  is  strong 
enough  to  be  seen  with  the  naked  eye.  The  blue  li^t  emission  is  associated  with  a  broad 
pho'nluminescence  (PL)  peak  at  2.7  eV,  which  is  attributed  to  radiative  recombination  via  a 
radiative  recombination  center.  The  proposed  model  with  one  radiative  and  two  nonradiative 
recombination  centers  well  explains  the  temperature-dependent  PL  peak  intensity. 


INTRODUCTION 

The  recent  discovery  of  visible  light  luminescence  from  porous  Si  by  Canham  |1]  has 
attracted  wide  attention  because  of  their  potential  application  to  Si  light  emitting  devices. 
Although  he  proposed  an  ultrafine  quantum  wire  structure  to  explain  visible  light  emission,  it  is 
now  widely  understood  that  crystalline  Si  ultrafine  particles  remaining  in  the  texture  of  the 
porous  layer  are  the  origin  of  the  light  emission  [2].  The  detailed  mechanism  still  remains 
obscure.  It  is,  however,  clear  that  the  Si  nanostructures  posses  electrical  and  optical  properties 
different  from  those  of  bulk  Si. 

We  reported  orange-red  light  emission  from  the  ultrafine  particles  deposited  by  evaporation 
of  Si  powder  in  an  argon  atmosphere  and  associated  the  luminescence  with  the  quantum  size 
effect  [3].  The  atmosphere  during  the  deposition  was  found  to  affect  the  size  of  Si  particles  and 
then  the  luminescence  color.  In  this  paper,  we  report  blue  light  emission  from  the  Si  ultrafine 
particles  deposited  by  evaporation  of  Si  powder  in  an  oxygen-containing  argon  atmosphere  and 
discuss  the  mechanism  of  the  blue  light  emission. 


EXPERIMENTAL 

A  conventional  gas-evaporation  technique  was  used  to  deposit  Si  ultrafine  particles  onto  Si 
or  Si02  substrates.  As  shown  in  Fig.  1,  after  evacuating  the  chamber,  argon  gas  containing  1  % 
oxygen  was  introduced  into  the  chamber.  When  the  total  gas  pressure  reached  6  torr,  high-purity 
Si  powder  or  small  pieces  cut  from  Si  substrates  in  a  boron-nitride  (BN)  boat  was  heated  in  an 
oxygen-containing  argon  atmosphere.  The  total  pressure  of  the  atmosphere  was  kept  constant 
at  6  torr  during  evaporation.  A  typical  film  thickness  was  about  0.5  |rm  after  5  minute 
evaporation. 

A  sample  for  transmission  electron  microscopy  (TEM)  was  prepared  by  collecting  the  Si 
ultrafine  particles  scratched  off  from  the  substrate  onto  a  mesh.  A  JEOL-2000  FX  electron 
microscope  operating  at  200  kV  was  used  for  TEM  studies. 
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Photoluminescence  (PL)  measurements  were  carried  out  with  a  mercury  lamp  as  an  excitation 
source  from  20  to  292  K. 


SUBSTRATE  HOLDER 


Si  Powder 


•SUBSTRATE 

I 

BN  BOAT 


Ar  99% 


HEATER  PUMP 
AC  -«00VV 


Fig.  1  Gas-evaporation  apparatus  to  deposit  the  oxygen- 
containing  Si  ultrarme  particles. 


RESULTS  AND  DISCUSSION 

The  TEM  micrograph  in  Fig.  2  shows  intertwined  chain-like  nanostructures  containing 
spherical  particles.  A  similar  structure  was  reported  for  the  oxidized  Si  microcrystalline  particles 
by  Kawaguchi  and  Miyazima  [4].  None  of  Si  crystalline  particles  has  been  detected  in  the 
sample  as  shown  in  the  Si2p  ESCA  (election  spectroscopy  for  chemical  analysis)  spectrum  in 
Fig.  3.  The  spectrum  shows  only  SiO,.  Nevertheless,  the  ESCA  result  is  not  a  conclusive 
evidence  for  absence  of  microcrystalline  Si.  The  detailed  microstructure  in  the  Si  ultraflne 
particles  to  exhibit  blue  light  emission  is  under  study  and  will  be  published  elsewhere. 


Fig.  2.  TEM  micrograph  of  the  oxygen- 
containing  Si  ultrafine  particles. 


Fig.  3.  Si2p  ESCA  spectrum  of  the  oxygen- 
containing  Si  ultrafrne  particles. 
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Figure  4  shows  two  PL  spectra  measured  at  20  and  292  K.  It  is  interesting  to  note  that  the 
PL  peak  energy  and  the  half  width  at  half  maximum  ate  almost  the  same.  Both  PL  spectra  are 
well  fitted  to  Gaussian  curves  shown  in  solid  curves  in  Fig.  4.  The  broad  peak  at  2.7  eV 
contributes  to  the  blue  light  emission.  The  above  features  in  the  PL  spectra  ate  true  for  all 
temperatures  from  20  to  292  K.  Similar  temperature-insensitive  peak  position  and  linewidth 
were  observed  in  the  PL  spectra  of  chalcogenide  glasses  [5).  The  luminescence  intensity, 
however,  strongly  depends  on  temperature  as  shown  in  Fig.  5.  The  temperature  dependence 
originates  from  a  nonradiative  process  with  rate  p^  which  is  competitive  with  the  radiative 
recombination,  according  to 


4  =  Apy(p,  +  p„),  (1) 

where  A  is  a  constant,  and  p,  is  the  radiative  recombination  rate.  The  observed  blue  light 
emission  from  the  Si  ultrafine  particles  is  hard  to  be  explained  by  the  quantum  size  effect 
because  a  diameter  of  10  nm  in  the  microstructure  shown  in  Fig.  2  is  considerably  greater  than 
the  particle  size  required  for  blue  light  emission  by  the  quantum  size  effect  [6).  Therefore,  the 
blue  light  emission  is  more  likely  to  be  associated  with  radiative  recombination  via  a  radiative 
recombination  center. 


Fig.  4.  PL  spectra  of  the  Si  oxygen- 
containing  Si  ultrafine 
particles  at  20  and  292  K. 


Fig.  5.  Temperature-dependence  of  PL  peak 
intensity  at  2.7  eV. 
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We  use  the  same  model  to  describe  recombination  in  amorphous  materials,  originally 
proposed  by  Street  |7].  As  illustrated  in  Fig.  6,  we  assume  one  radiative  and  two  nonradiative 
recombination  centers  and  the  escape  of  a  portion  of  the  trapped  elcarons  from  the  radiative 
center  to  the  nonradiative  centers  by  one-directional  tunneling.  These  assumptions  are  reasonable 
if  the  nonradiative  recombination  centers  are  deep-level  centers  and  the  nonradiative 
recombination  rates,  p„,  and  p^,  are  larger  than  the  radiative  recombination  rate  p,.  Following 
the  turmeling  theory  between  two  recombination  centers  by  Street,  the  transition  rate  from  a 
radiative  to  a  nonradiative  center  via  tunneling  is  given  by 

P„  =  Poexp(T/TJ  (2) 


with 


Po  =  Vpkexp(-2aR,) 


(i) 


and 


T„  =  (4a'y\r', 


(4) 


where  v^,  is  a  frequency  of  order  10'^  sec"',  a  the  tunneling  parameter,  R„  the  spatial  separation 
of  two  centers,  y  the  shape  of  the  parabola,  and  k  the  Boltzmann  constant  (7). 


EXCITED 

STATE 


GROUND 

STATE 


Fig.  6.  Model  of  the  recombination  process. 
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Applying  eq.  (2)  to  the  model  in  Fig.  6.  the  transition  rates  from  the  radiative  to  the 
nonradiative  recombination  centers  via  tunneling,  p,  and  p,,  are  given  by 

P4  =  p4o«P(T/TJ  (5) 


and 


P!  =  Pioe’tP(T/T,J.  (6) 

The  excited  electrons  can  be  trapped  either  by  the  radiative  or  the  nonradiative  recombination 
centers.  The  number  of  electrons  at  the  excited  state  trapped  by  the  radiative  recombination 
center  n,  is  then  given  by 


n,  =  Ap,/(p,  +  p,  +  Pj),  (7) 

where  A  is  a  constant.  Since  a  portion  of  the  electrons  trapped  by  the  radiative  recombination 
center  may  escape  to  the  nonradiative  recombination  centers  via  tunneling,  the  total  number  of 
electrons  contributing  to  luminescence  is  now 


n,  =  Ap,/(p,  +P2  +Pj)  .  +  p,  +  Pj).  (8) 

Here  we  make  assumptions:  (1)  a  direct  transition  from  the  excited  state  to  the  ground  state  is 
neglected;  (2)  the  energy  levels  of  all  recombination  centers  are  about  the  same;  and  (3)  p,  is 
much  less  than  p^  or  p,.  The  first  assumption  is  made  because  the  direct  transition  from  the 
excited  state  to  the  ground  state  is  temperature  independent  and  should  not  affea  the  observed 
temperature  dependence  of  the  PL  peak  intensity.  The  second  is  reasonable  by  considering 
tunneling  between  the  centers.  The  last  is  justified  by  a  low  luminescence  efficiency.  Then,  eq. 
(8)  will  be  simplified  to  show  the  temperature  dependence  using  eqs.  (5)  and  (6): 

I,  =  U/tP^o'^per/TJ  +  p5„exp(TA'J},  (9) 

where  is  a  constant.  Note  that  p,  is  temperature  independent. 

The  obtained  temperature  dependent  PL  peak  intensity  is  best  fitted  to  eq.  (9)  by  setting  the 
adjusting  parameters,  pj„,  p,,,,  and  T,,.,  to 


and 


Pv/P*,  =  0.015,  (10) 

T^  =  3000K,  (11) 


Tv  =  90  K.  (12) 
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In  our  analysis,  we  also  considered  the  model  with  one  radiative  and  one  nonradiative 
recombination  center,  but  the  experimental  data  could  not  be  well  fitted  to  the  model.  Therefore, 
we  conclude  that  the  model  requires  one  radiative  and  at  least  two  nonradiative  recombination 
centers  for  the  best  fit  between  the  experiment  and  the  theory.  We,  however,  admit  that  the 
model  empirically  explains  the  experimental  data  and  that  there  is  no  physical  explanation  for 
the  nature  of  the  recombination  centers.  Further  study  is  needed  to  identify  these  recombination 
centers. 


CONCLUSIONS 

We  have  fabricated  the  Si  ultrafme  particles  by  evaporation  of  Si  in  an  oxygen-containing 
argon  atmosphere  and  observed  blue  light  emission.  The  TEM  study  reveals  that  the  sample 
consists  of  chain-like  nanostructures  with  a  mean  diameter  of  10  nm.  The  blue  light  emission 
is  associated  with  the  broad  peak  at  2.7  eV.  The  peak  cannot  be  simply  explained  by  the 
quantum  size  effect  because  the  size  of  the  nanostructure  is  too  large. 

The  temperature-dependent  PL  intensity  was  best  described  by  the  model  with  one  radiative 
and  two  nonradiative  recombination  centers  based  on  the  tunneling  theory  between  two  centers 
proposed  by  Street  (7).  The  nature  of  these  centers  is  not  well  understood.  One  may  have  better 
physical  understanding  of  the  centers  by  studying  dynamics  of  tunneling  by  time-resolved 
photoluminescence  measurements. 
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ARSTRACT 

Amorphous  silicon  powder  exhibiting  microstructural  properties  such  as  nanometer  si/e. 
large  presence  ot  silicon-hyd'ide  groups  and  high  surface/volume  ratio  has  been  produc-d  in 
a  plasma  enhanced  chemical  vapor  deposition  (PECVD)  reactor  using  pure  silane  gas  and  low 
Frequency  square-wave-modulated  (SQWM)  rf  power  (1,8.56  MHz).  The  possible  crystallinity 
of  nanometer- size  domains  embedded  in  the  amorphous  network  was  studied  with  Raman 
spectroscopy  and  electron  diffraction  analysis. 

Photoluminescence  (PL)  in  the  near  IR-VIS  region  was  excited  by  an  Ar  laser  The  PI. 
intensity  exhibits  very  unusual  properties:  a  supraJinear  dependence  on  excitation  power  and 
an  exponential  decrease  with  pressure  (below  50  Pa).  The  analysis  of  PL  dynamics  led  us  to 
propose  a  mathematical  model  of  excitation  of  the  PL.  This  model  involves  the  existence  of  an 
intermediate  step,  with  an  extremely  long  lifetime,  that  controls  the  PL  dynamics 


INTRODUCTION 

The  formation  of  silicon  powders  (pwd-Si)  dunng  PECVD  processes  has  stimulated 
many  repons'  '  due  to  its  involvement  a.  a  contaminant  dunng  hydrogenated  amorphous  silicon , 
a-Sr.H,  thin  film  deposition  or  etching.  Furthermore,  pwd-Si  produced  by  PECVD  is  a 
promising  new  matenal  for  sintering  ceramics,  for  making  nanoscale  filters  or  supports  for 
catalytic  surfaces. 

The  special  charactenslics  of  powder  obtained  by  PECVD  are  its  nanometer-size, 
microstructure,  high  purity,  its  chemical  reactivity  and  the  possibility  of  preparing  alloys  by- 
mixing  precursor  gases.  Some  of  these  characteristics,  such  as  size,  comtiosition  and 
microstructure  can  be  controlled  by  the  technological  parameters  of  the  plasma  processing.’  ^ ' 
L)ne  of  the  relations  between  the  discharge  parameters  and  the  microstructural  properties  of  the 
Si  powders  has  shown  the  dependence  of  powder  size  on  plasma-on  periods  (when  the 
square-wave-modulation,  SQWM,  of  the  rf  power  was  used).’-*  Compactness  and  hydrogen 
concentration  of  the  samples  can  also  be  controlled  by  the  SQWM  frequency  of  the  incident 
power  and  by  the  gas  residence  time  in  the  reaction  chamber.  '  * 

Photoluminescence  (PL)  of  Si  nanostructures  has  attracted  much  interest  in  recent  y“ars 
because  it  lies  in  the  visible  region.  PL  of  porous  silicon  (PS)’  *  and  other  silicon  structures  like 
small  crystallites  produced  by  sputtering’,  skeleton  clusters'®,  evaporated  particles' ' ,  or  siloxene 
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compounds'  ,  have  been  the  object  of  many  reports  Although  there  is  no  clear  evidence  that 
the  PI  IS  due  to  the  same  cause  in  all  these  materials,  theie  are  two  main  explanations:  the 
increase  of  the  optical  gap  due  to  the  quantum  confinement  of  the  electrons’,  and  the  presence 
of  siloxene  type  compounds’’  In  spite  of  the  strong  microstructural  similarity  between  the  Si 
powder  produced  by  PECVD  and  the  structures  described  above,  we  report  unusual  PL 
properties  of  Si  powder. 

In  a  previous  study”  we  showed  the  visible  PL  emission  of  Si  powders  and  the 
dependence  of  PL  intensity,  Ipi ,  on  both  laser  intensity  and  gas  pressure  inside  the  cryostat, 
at  pressures  below  50  Pa.  In  that  case  we  found  an  exponential  decrease  of  In  when  we 
increased  the  pressure  (In  =  etsp  (-p/pj,  where  p„  was  of  about  1.5  Pa).  A  gas  pressure 
increase  tiom  1  to  15  Pa  decreased  Ipi^  by  four  orders  of  magnitude.  The  dependence  on  laser 
power,  t.  was  strongly  supralinear  (In,  <*  where  m  ranged  between  4  and  6l. 

In  this  paper  we  report  the  preliminary  results  of  a  more  extensive  study  of  the  PI.  ol 
Si  piowder.  which  includes  the  determination  of  the  near  IR-VIS  PL  spectra  at  different  laser 
intensities  and  the  study  of  rise,  r^,  and  decay,  t„  ,  lifetimes.  Extraordinarily  long  lifetimes, 
of  about  several  hundred  ms  are  shown  for  both  rise  and  decay.  The  PL  is  modeled  as  an 
excitation  process  of  at  least  two  steps,  one  of  which  is  responsible  for  the  unusually  long 
lifetimes. 

furthermore,  in  order  to  elucidate  the  existence  of  small  crystals  in  the  Si  powder, 
which  might  be  responsible  for  the  PL  emission,  we  performed  Raman  spectroscopy  and 
electron  nanodiffractton  analysis. 


EXPERIMENTAL 

Silicon  powder  was  produced  inside  the  reaction  chamber  of  a  capacitively  coupled  rf 
reactor.”  The  reactor  was  kept  at  room  temperature,  the  silane  plasma  was  modulated  at  low 
frequency  (0. '  Hz)  with  50%  duty  cycle;  the  SiH,  gas  flow  was  20  seem,  the  pressure  b5  Pa 
and  the  rf  power  density,  200  mW/cm’.  The  sample  was  kept  under  the  atmosphere  for  about 
three  months. 

The  PL  was  exciftd  by  the  488  nm  line  of  an  Ar  laser  which  produces  a  spot  of  about 
4  mm’  on  the  sample  surface.  The  incident  laser  intensity  langed  between. 5  and  5  mW.  A 
0.5  m  monochromator  was  used  to  obtain  the  spectral  feature  of  PL.  The  emitted  light  was 
detected  by  an  InAs  photodiode  cooled  to  TT’K,  and  analyzed  with  a  0.5  in  monochromato: . 
The  reported  spectra  were  corrected  by  the  transfer  system  function.  Samples  were  mounted 
inside  a  closed-circuit  helium  cryostat,  where  the  surrounding  gas  pressure  was  held  at  10  ’  Pa. 
All  PL  measurements  described  f  re  were  carried  out  at  room  temperature  and  under  vacuum. 

Micro-Raman  analysis  was  performed  with  the  488  nm  line  of  an  Ar  laser  that  produced 
a  spot  of  about  2  ^m  in  diameter  on  the  Si  powder  sample.  We  used  a  weak  laser  power, 
1.2  mW  measured  on  the  sample,  in  order  to  avoid  the  laser  annea'ing  of  the  particles. 

Electron  nanodiffraction  analysis  was  earned  out  with  a  Hitachi  HT-800-NA 
microscope.  The  electron  spot  used  was  2  nm  in  diameter. 
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RKSl  LTS  AND  DISCtSlON 


Previous  transmision 
electron  microscopy  studies  of  Si 
{xrwder  were  used  to  deduce 
particle  sires  ranging  between  10 
and  :00nm.‘  The  Si-H  bond 
configuration  was  estimated  from 
the  l-ourier  transform  infrared 
(FTIRi  spectra.  The  FTIR  analysis 
revealed  the  predominance  of 
SiH  groups  (2100  cm  '),  in  front 
of  Si  H  (2(X)0  cm ‘)  bonds,  in  a 
highly  polymeric  form  (850  and 
SdOcm').'  The  appearance  of 
both  2 180  and  2250  cm  ‘  peaks 


50  "  '250*'  45(1 "  650"*^  850 

wavenumbers  (cm  ) 


indicated  the  spontaneous  pigure.l  Micro-Raman  spectra  of  Si 
oxidation  ^f  the  samples  exposed  powder.  Totally  amorphous,  a);  and  with 
t,  :he  atmosphere.''  Thermal  crystalline  evidences,  b) . 
desorption  spectrometry.  TDS. 

showed  the  predominant  presence  of  weakly  bonded  hydrogen,  which  evolves  at  about  .'^00  C. 
and  the  large  hydrogen  content  of  the  silicon  powder  particles  (above  30%).'' 

X-ray  diffraction  showed 
no  crystallinity  of  the  samples. 
Furthermore,  micro-Raman 
spectroscopy  indicated  the 
amorphous  character  of  the 
powder  in  almost  every 
measurement  (Figure  l.a).  Only 
in  few  cases  did  sample  zones 
produce  a  Raman  spectrum  with 
evidence  of  crystallinity  (Figure 
l.b).  Then,  thec-Si  peak,  usually 
centered  at  520  cni'.  appeared 
superposed  to  the  amorphous 
curve,  and  it  was  shifted  to 
shorter  wavenumbers  (510  cm  ') 
indicating  the  small  size  of  these 
ordered  regions.  Electron 
nanodiffraction  never  produced 
any  diffraction  image,  giving 
clear  proof  of  the  absence  of 


Figure  2.  PL  spectra  of  the  Si  powder  crystals  larger  than  the  electron 
for  two  laser  intensities.  5pot  (2  nm).  We  can  conclude 


from  these  two  analyses  that  the  Si  powder  is  mainly  amorphous.  Moreover,  the  PL  dynamics 
study  we  describe  here  rules  out  the  possibility  of  electron  quantum  confinement  as  the  cause 
of  PL  in  this  material. 

Figure  2  shows  the  normalized  PL  spectra  of  Si  powder,  for  two  different  incident  laser 
nsities.  In  both  cases,  PL  emission  starts  in  the  visible  region  (600  nm)  and  rises 
continuously  until  2500  nm.  Unfortunately,  we  are  not  able  yet  to  correct  the  spectrum  to  the 
detector  limit  (3.1  /<m),  but  our 
measurements  show  that  the  PL 
emission  continues  beyond  this 
limit.  The  structureless  shape  of 
PL  spectra  and  the  fact  that  the 
emission  at  higher  energies 
increases  for  the  sample 
illuminated  at  higher  power, 
suggest  that  the  PL  emission  is 
caused  by  a  multiplicity  of 
electron  states. 

The  study  of  transient 
phenomena,  excitation  (r^)  and 
decay  lifetime,  as  well  as  the 
PL  intensity  (Ip,J  dependence  on 
laser  intensity  (♦),  were  obtained 
by  integrating  the  PL  emission 
between  1.9  and  3.1  ^m. 

The  Ipi  dependence  on  ♦ 
is  non-linear.  In  Figure  3  we  can 
see  that  it  varies  with  the  incident  light  power  following  a  supra-linear  dependence,  =  <I>". 
where  m  ranges  between  2  and  3.  Below  0.8  j<m  this  exponent  is  greater  (  m  =  4  -  6)".  This 
fact  is  consistent  with  the  evolution  of  the  spectral  shape  with  laser  intensity  shown  if  figure 
2,  where  the  PL  intensity  increases  with  laser  power,  faster  at  lower  wavelengths. 

Figure  4  shows  the  time  response  of  PL  of  Si  powder  to  a  laser  pulse.  Although  there 
is  no  pure  exponential  rise  or  decay,  but  a  distribution  of  lifetimes,  we  can  estimate  the  rise 
time,  of  about  4(K)  ms,  which  is  longer  than  the  d«:ay  time,  around  50  ms.  The  PL  we  observe 
does  not  have  any  faster  contribution.  Both  the  rise  and  decay  times  are  about  four  orders  of 
magnitude  longer  than  the  longest  times  reported  for  porous  silicon"^'*. 

The  key  of  the  PL  dynamics  analysis  is  the  fact  that  the  PL  emission  has  a  null 
derivative  close  to  t  =  0  as  shown  in  the  inset  of  Figure  4.  This  behavior  cannot  be  explained 
according  to  the  usual  direct  excitation  from  a  ground  state,  where  the  dynamics  would  be 
described  by  the  following  equation; 


Figure  3.  Supra-linear  dependence  of  PL 
intensity  on  incident  laser  intensity. 


dt 


= 


(1) 


where  n,  is  the  population  of  the  ground  slate,  a  is  the  optical  cross  section,  ♦  the  laser  photon 
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lluxe  and  Tp,  the  lifetime  of  the  excited  state.  As  I„  is  proportional  to  the  luminescent  state 
population  (np,j.  from  eq.l  it  is  clear  that  at  t=0  the  PL  emission  derivative  should  be 
proportional  to  (m#*.  Thus  the  null  derivative  implies  that  n,  must  be  0.  This  leads  us  to 
propose  a  multiple  step  model  which  assumes  the  presence  of  intermediate  states,  whose 
occupation  increment  is  caused  by  the  light  excitation  of  the  preceding  state. 

We  can  descnbe  the  process  as 

follows:  I - ^ ’ ' ' r — I 1 ' 1 i - 1 — ' ^ ' j 

!  LASER  T  I 

OFF  I  ' 

Am  tt  i 


^  '  / 

f"  I 


20  40 

time  (ms) 


4,  - 


1000  2000 
time  (ms) 


3000 


A  more  detailed  study  of  ^  ' 

the  model,  to  be  published,  gives  Figure  4.  PL  response  to  a  laser 

the  following  results:  i)  The  excitation  pulse.  The  first  40  ms  of  the 

_ _ I  „  *in  curve  is  shown  in  the  inset.  Excitation 

e.xpitnent  m  (from  the  Ip,,  «  ♦  lifetimes  are  about  400  and 

dependence)  is  a  lower  value  of  50  ms  respectively, 
the  number  of  steps  needed  to 

reach  the  luminescent  state,  and  b)  While  the  PL  emission  decay  depends  on  the  effective 
lifetime  of  the  luminescent  state,  rp,.,  the  excitation,  r^,  is  dominated  by  the  slowest 
intermediate  transition,  leading  to  the  difference  between  xp,,  and  t„,  (xp,,  <  x,„).  According 
to  this  model,  our  experimental  results  imply  that  the  states  emitting  at  2  /xm  occupy  at  least 
the  third  level  of  the  sequence  (m  =  3),  whereas  the  PL  emission  near  the  visible  region 
corresponds  to  a  level  m  i  6.  These  findings  reinforce  the  hypothesis  of  many  different  states 
contributing  to  the  PL  spectrum. 

Concerning  the  possible  causes  of  the  Si  powder  PL,  the  amorphous  character  of  the 
samples  and  the  long  PL  lifetimes  rule  out  the  electron  quantum  confinemet  hypothesis  in  small 
crystallites.  Although  siloxene-type  compounds  may  be  present  in  our  Si  powder  samples  as 
its  spontaneous  oxidation  might  allow,  the  investigations  of  Ch.  Hollenstein  and  coworkers  on 
in  situ  PL  measurements  in  dusty  silane  discharges,”  where  no  oxygen  is  present,  also  rule  out 
this  possibility.  The  multiple  step  excitation  process  and  the  unusual  PL  dependences  on  gas 
pressure  and  power  indicate  that  we  are  faced  with  a  qualitatively  different  PL  emission. 
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ABSTRACT 

Structural  characterization  of  phenylacetylene  dendrimers  (PADs)  makes  it  possible  to 
explore  the  rcLition.ship  between  molecular  architecture  and  condensed  phase  organization.  The 
.size  and  georti oiry  of  the  PAD  series  is  precisely  controlled,  with  phenylacetylene  units  emanating 
from  a  cenual  phenylene  in  the  manner  of  a  tridendron.  The  branched  molecule  rapidly  increases 
in  size  with  each  synthetic  generation.  The  "shape-persistent"  nature  of  the  phenylacetylene 
molecule  makes  it  ideal  for  use  in  the  construction  of  self-a.s.sembling  .supramolecular  systems. 

Transmission  electron  microscopy  (TEM)  has  been  used  to  identify  the  crystal  stiuciure  til 
lower  generation  PADs,  and  wide-angle  X-ray  studies  confirm  the  decrease  in  crystallinity  with 
.size.  Hot  stage  optical  microscopy  studies  of  thermal  transitions  reveal  melting  points  lor  lower 
generation  PADs,  and  an  apparent  glass  tran.sition  for  the  amorphous  higher  generations  This 
type  of  structural  information  is  e.ssential  to  the  rational  design  of  self-assembling  materials. 


INTRODUCTION 

The  design  of  engineering  materials  has  traditionally  relied  on  the  interactions  ol  either 
individual  atoms,  often  inorganics,  or  high  molecular-weight  organic  macromolecules.  However, 
fabrication  of  nanoscale  structures  from  an  atomistic  level  can  be  unwieldy  and  time-intensive, 
especially  so  with  complex  macromolecule.s.  Modular,  "shape-persistent"  units  ol  tens  to 
hundreds  of  atoms  provide  a  middle  ground  for  the  construction  ot  larger  molecular  a.s.scmblies. 
Strong  covalent  bonds  maintain  the  rigid  architecture  of  the.se  molecules,  while  weaker  lorces  like 
hydrogen  bonds  and  van  der  tVaals  interactions  can  re.sull  in  large-scale  molecular  organization. 
The  phenyl  ring  and  the  acetylene  rod  are  two  such  rigid  units  that  can  be  used  in  molecular 
engineering,  and  together  they  comprise  the  phenylacetylene  dendrimers  (PADs)  u.scd  in  this 
study. 

Dendrimers  are  a  specific  class  of  molecules  identifiable  by  their  highly  branched  topology. 
The  first  dendrimers  were  flexible,  branched  polymers  like  the  "slarburst"  poly(amidoamine.s)  ( 1 1 
of  Tomalia  el  al.  Chemical  routes  for  various  flexible  dendrimers  have  been  developed  by  other 
groups  [2-5]  and  recent  advances  in  the  large  .scale  synthesis  of  poly(propyleniminej  dendrimers 
[6]  portend  the  widespread  commercial  use  of  lhe.se  materials.  The  PAD  molecules  differ  from  the 
aforementioned  dendrimers  in  that  the  rigid  nature  of  the  substituent  units  is  retained  throughout  the 
structure,  creating  a  well-defined  architecture.  Additionally,  the  synthesis  of  these  dendrimers 
involves  a  repetitive  scheme  that  can  produce  high  molecular  weight  molecules  in  relatively  few 
steps  [7],  Generations  of  the  PAD  molecule  branch  out  from  a  seed  phenylene,  and  contain  tertiary 
butyl  groups  on  the  periphery  of  the  molecule  to  enhance  solubility.  PAD-4,  named  lor  the 
number  of  phenyl  rings,  is  the  ba.se  member  of  the  PAD  family  (Figure  I ). 


t  Current  A(klre.s.s:  PPG  Industries  Inc..  Advanced  Re.search  Center, 
4325  Rosanna  Dr.,  Allison  Park,  PA  15101 
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Fig.l  Schemaiics  of  lower  generaiion  PADs 


Fig.  2  Powder  X-ray  diffraction 


EXPERIMENTAL 

The  s>nthe,sis  of  the  PAD  family,  like  chat  of  most  new  organic  molecules,  is  a  time 
consuming  process  that  yields  small  amounts  of  material.  Synthesis  of  PAD-4  and  PAD- 10 
follows  a  convergent  route,  meaning  that  the  three  arms  of  the  molecules  are  synthesized  as 
wedges,  and  then  coupled  to  a  central  core.  For  PAD-4  and  PAD- 10.  the  central  core  is  a  I  ..1,5- 
tribromobenzene.  Higher  generation  PADs  follow  this  same  convergent  scheme,  with  varied 
leaving  groups  on  the  core  phenylene.  Although  not  used  in  this  study,  high  molecular  weight 
PADs  have  b^n  prepared  using  a  modified  convergent  method  in  which  the  central  core  has  up  to 
seven  phenylenes  [7]. 

Samples  for  TEM  consisted  of  crystallites  nucleated  out  of  a  dilute  solution  or  microtomed 
bulk  crystals.  A  dilute  solution  of  PAD  molecules  in  a  50  w/o  toluene-NMP  (l-methyl-2- 
pyrrolidinone)  was  deposited  on  amorphous  carbon  coated  mica  sheets  and  allowed  to  dry  under 
room  conditions.  Toluene  is  a  better  solvent  for  the  PADs  than  NMP.  but  its  low  boiling  poini 
made  the  addition  of  the  less  volatile  NMP  necessary  in  order  to  grow  larger  crystallites.  The 
carbon  film  and  the  crystallite  layer  was  floated  off  the  mica  substrate  in  deionized  water  and 
collected  on  copper  grids.  Gold  was  evaporated  onto  the  samples  as  a  calibration  standard  for 
electron  diffraction  and  to  improve  contrast  at  intermediate  magnifications.  Samples  for  high 
resolution  imaging  were  left  uncoated.  Cross-section  samples  of  PAD-4  crystals  were  prepared  by 
nucleating  crystallites  from  dilute  solution  onto  a  glass  slide.  These  crystallites  were  embedded  in 
an  epoxy  droplet  that  was  then  cut  and  positioned  in  a  larger  epoxy  block  suitable  for  microtomy 
using  a  Reichert-Jung  UltraCut  E. 

Low  dose  electron  microscopy  techniques  allow  imaging  of  these  organic  samples  despite 
their  sensitivity  to  the  high  voltage  electron  beam.  The  total  end  point  dose  (TEPD),  Je,  is  defmed 
as  the  dose  required  for  a  diffraction  spot  to  disappear  as  monitored  visually,  and  can  he  given  in 
terms  of  the  operating  parameters  of  a  microscope  by: 


Je=js  M2t 


(1) 
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where  js  is  the  current  density  at  the  screen  (pA  cm-^).  M  is  the  magnification,  and  t  (sec)  is  the 
time  it  takes  for  a  diffraction  spot  to  fade.  The  TEPD  was  measured  for  all  samples  hy  observing 
the  time  required  for  a  particular  reflection  to  become  diffuse  and  indistinguishable  from  the 
amorphous  scattering  of  the  carbon  film  (Table  I).  In  general,  the  dose  rate  was  kept  below  85% 
of  the  TEPD.  Diffraction  patterns  and  intermediate  magnification  images  of  PAD-4  were  collected 
on  a  Philips  EM  420,  operating  at  120  kV.  Diffraction  patterns  of  PAD- 10  were  obtained  on  a 
JEOL  4000  EX  at  4(X)  kV  by  searching  the  sample  grid  at  a  low  dose  rate,  as  measured  at  the 
screen  (approximately  10'*  C  cm-^  sec  ')  while  recording  the  session  on  VHS  tape  through  a 
YAG-video  system  [8]  used  with  an  image  intensifier  and  video  camera.  Patterns  recorded  on  tape 
were  then  digitized  with  a  SCION  LG-3  frame  jabber  and  analyzed  with  IMAGE  1 .54  on  a 
Macintosh  Quadra  700.  High  resolution  imaging  was  performed  on  the  JEOL  40(X)  using 
magnifications  from  25  kX  to  35  kX.  The  larger  lattice  spacings  of  the  PAD  molecules,  on  the 
order  of  2.0  nm,  made  high  resolution  imaging  possible  at  these  lower  magnification'-'. 
Additionally,  qualitative  observations  of  thermal  transitions  were  made  using  a  GAT AN  hot  stage 
and  a  JEOL  2000  FX  at  200  kV,  which  is  also  equipped  with  a  video  imaging  system. 


RESULTS 

The  powder  X-ray  diffraction  data  in  Figure  2  indicates  a  tfend  of  decreasing  crystalline 
order  with  increasing  generation.  Observation  of  thermal  transitions  using  a  Linkham  TH15(X)  hot 
stage  on  a  Leitz  Ortholux  II  optical  microscope  indicate  melting  points  for  the  PAD-4  and  PAD-  Id 
molecules  and  “softening"  points  for  all  higher  order  dendrimers  (Table  1).  Softening  is  defined  as 
the  visible  relaxation  of  surface  roughness  on  the  solid  molecular  aggregates.  All  generations  of 
the  PAD  family  undergo  a  thermal  degradation  above  300°C,  even  in  a  dry  nitrogen  atmo.sphere. 
indicated  by  a  color  change  to  orange-brown.  The  lower  generation  PADs  will  not  recrystallize 
when  cooled  from  this  point.  The  crystallites  of  PAD-4,  shown  in  Figure  3.  can  have  aspect  ratios 
as  high  as  40:1,  and  appear  to  have  a  roughly  rectangular  cross-section.  PAD- 10  crystallites 
grown  from  solution  in  conditions  identical  to  those  of  PAD-4  are  generally  smaller.  10  microns 
long  as  compared  to  50  microns  for  the  PAD-4  crystals.  They  retain  the  same  general  morphology 
as  PAD-4,  with  aspect  rados  of  8:1  (Figure  4). 

Hot  stage  TEM  of  the  thermal  transidons  of  PAD-4  and  PAD- 10  show  the  crystallites 
dis.sociating  laterally  only  slighdy  as  they  melt,  while  losing  the  majority  of  their  length  rapidly 
before  they  enter  the  liquid  phase.  The  larger  crystallites  of  PAD-4  consist  of  individual,  smaller 
rod-like  crystals  bound  together  laterally.  The  first  step  in  melting  is  the  separation  of  these  smaller 
crystals.  These  crystals  then  melt  at  a  rale  of  approximately  2.5  pm/sec  along  the  long  axis, 
compared  to  a  rate  of  0,02  pm/sec  in  the  lateral  direcdon. 

Electron  diffraction  of  the  PAD-4  crystallites  (Figure  5)  show  characteristic  spacings  in  the 
long  direcdon  of  the  crystal  of  0.64  nm.  and  a  lateral  dimension,  perpendicular  to  the  long 
direction,  of  2.05  nm.  Diffraction  patterns  obtained  from  a  microtomed  cross-secdon  of  a  PAD-4 
crystallite  (Figure  6)  show  spacings  of  2.05  nm  and  1.91  nm.  with  an  included  angle  of  90", 
There  are  no  observable  systematic  absences  in  either  of  these  patterns.  Electron  diffracdon 
patterns  of  PAD- 10  show  a  spacing  in  the  long  direcdon  of  the  crystal  of  0.62  nm,  and  a  lateral 
dimension  of  1.6  nm  (Figure  7).  High  resoludon  microscopy  of  PAD- 10  (Figure  8)  reveals  lattice 
fringes  of  1.6±0.2  nm. 


Table  I 

Physical  Properties 

TEPD(Ccm-2)  TMf'C) 

PAD-4  1.3X  10-2  220 

PAD- 10  1.2  X  10-3  IgO 
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Fig.  3  Optical  micrograpli  of  PAD-4  crystals  Fig.  4  Optical  micrograph  ol  PAD- 10  cry.stals 


Fig.  5  (010)  Zone  Axi.s  of  PAD-4 


Fig.  6  (001)  Zone  Axis  of  PAD-4 


DISCUSSION 

Molecular  simulations  (9]  of  individual  PAD-4  and  PAD-U)  molecules  indicate  that  ihe.sc 
two  lowest  generation  members  of  the  PAD  family  maintain  a  planar  conformation.  This  planarity 
is  lost  on  the  higher  generation  molecules,  as  they  adopt  more  .spherical  conformations,  with  a 
large  excluded  volume  in  the  center  of  the  molecule.  Despite  the  rigid  nature  of  the  phenyl  rings 
and  acetylene  rods,  there  is  a  considerable  amount  of  rotational  motion  about  the  covalent  bond 
available  to  the  outer  branches  of  the  larger  molecule.  This  is  evident  from  the  many  low  energy 
conformations  that  the  outer  arms  of  the  molecules  can  adopt  during  minimizations,  depending 
upon  the  initial  configuration  of  the  molecule.  Thus,  crystallinity  decreases  as  a  function  of 
generation  due,  at  least  in  pan,  to  the  potential  non-uniformity  of  the  higher-order  PADs. 

The  crystal  structure  of  PAD-4  can  be  solved  using  the  data  collected  from  the  diffraction 
patterns  and  molecular  simulations.  The  lack  of  sy.stematic  absences  and  the  90°  angles  lead  to  an 
orthorhombic  unit  cell.  The  positions  of  the  molecules  inside  the  unit  cell  can  be  refined  by 
comparing  the  nelative  intensities  of  simulated  diffraction  patterns  with  the  collected  data.  Table  II 
is  a  summary  of  the  propo.sed  unit  cell  for  PAD-4,  in  which  a=  2.05  nm.  b=  1.91  nm, 
c=  0.64  nm.  a=p=y=  W°.  A  geometrical  evaluation  of  the  unit  cell  predicts  that  the  molecules  can 
take  on  various  low  energy  configurations,  but  the  only  one  that  replicates  the  weak  reflections 
along  the  ((K)l)  axis  in  the  experimental  patterns  is  one  in  which  the  geometric  axis  of  each  PAD-4 
is  tilted  at  approximately  66°  with  respect  to  the  c  axis.  The  PAD-4  molecules  take  on  a  motif 
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resembling  stacks  of  lilted,  inlerdigilaied  molecules  when  the  energy  iif  the  unit  cell  is  miniiiu/cd 
(Figure  9).  Support  for  this  configuralion  comes  from  the  strong  (501 )  rcneciuins  in  Figure  6, 
which  correspond  to  a  real  space  dimension  of  0..F5  nm.  This  is  the  distance  of  closest  approach 
of  the  central  phenylene  ring  of  one  PAD-4  with  the  planar  core  of  the  next  PAD-4,  as  show  n  in  an 
off-axis  projection  of  a  stack  of  PAD-4  molecules  (Figure  10). 

Just  as  PAD- 10  crystallites  are  morphologically  similar  to  PAD-4,  the  electron  diffraction 
patterns  of  PAD- 10  (Figure  7)  show  a  geometric  similarity  to  those  of  PAD-4.  In  both  paitcrns. 
the  scattering  vector  perpendicular  to  the  long  axis  of  the  crystal,  kj,  extends  farther  out  in 
reciprocal  space  than  its  counterpart  along  the  axis,  kj.  The  ratio  kj/ki  =  ri.b  indicates  greaici 
order  perpendicular  to  the  long  axis  of  the  crystal  between  the  interdigitated  molecules.  This  is 
corroborated  by  ob.servation  of  the  melting  of  these  crystals  in  the  hot  stage  TEM.  Thus,  disorder 
in  the  c  direction  of  the  crystal  can  be  associated  with  the  high  energy  of  the  ((KID  crystal  faces, 
and  the  subsequent  preferential  melting  along  that  axis.  The  lattice  fringe'  in  the  HREM  ot  PAD 
10  appear  to  curve  around  defects,  indicating  that  the  lateral  direction  can  accommodate 
imperfections  more  readily.  However,  the  lower TEPD  and  fewer  rellcciions  for  PAD- 10  support 
the  thesis  of  decreasing  crystallinity  with  increasing  molecular  si/e. 


Table  II 

Proposed  PAD-4  Unit  Cell 


crystal  system 
space  group 
a 
b 
c 

a=tJ=Y 


orthoriiombic 
P2,2,2, 
2.05  nm 
1.91  nm 
0.64  nm 
90P 


CONCLUSIONS 

Structural  analysis  of  the  lower  molecular  weight  generations  of  the  PAD  family  proMcJe 
some  insight  into  the  use  of  the  rigid  phenyl  and  acetylene  molecules  as  modular  units  m  ilie 
construction  of  macromolecules.  Identification  of  an  orthorhombic  unit  cell  lor  PAD-4  in  which 
the  molecules  are  oriented  as  tilted  stacks  of  planar  molecules  with  interpeneuating  arms  reveals  a 
distance  of  closest  approach  for  the  face-to-face  packing  of  the  molecules  of  ()..45  nm.  Although 
the  molecules  themselves  are  planar,  they  as.sociate  more  strongly  with  one  another  by  the 
interlocking  of  their  arms  than  by  stacking.  The  higher  generation  PADs,  with  various  potential 
conformations  of  their  peripheral  branches,  cannot  take  advantage  of  this  spatial  arrangement, 
making  condensed  phase  organization  difficult.  Substitution  of  charged  groups  on  the  periphery  ol 
the  molecules  could  enhance  the  interaction  of  the  dendrimer  arms,  and  make  self-as.sembly  more 
likely. 
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A  MOLECULAR  APPROACH  TO  ULTRA  THIN 
MULTILAYERED  FILMS  OF  TITANIUM  DIOXIDE 


ELAINE  R.  KLEINFELD  AND  GREGORY  S.  FERGUSON* 
Deparmient  of  Chemistry,  Lehigh  University,  Bethlehem,  PA  18015 


ABSTRACT 

We  have  used  solution-phase  inorganic  chemistry  to  form  ultrathin,  covalently  bonded  layers 
of  TtOj  on  silicon  wafers.  Ellipsometry  and  x-ray  photoelectron  spectroscopy  (XPS)  were  used  to 
monitor  the  growth  of  the  films.  The  ellipsometric  thickness  of  the  Ti02  films  increased  linearly 
with  the  number  of  reaction  cycles,  the  first  absorption  cycle  resulting  in  about  3-4  A  of  growth, 
and  subsequent  cycles  resulting  in  about  1  A  of  growth.  We  attribute  this  limited  growth  to  the 
limited  number  of  reactive  sites  on  the  surface. 


INTRODUCTION 

Synthetic  inorganic  chemistry  offers  a  wide  variety  of  solution-phase  reactions  that  can,  in 
principle,  be  used  to  build  molecular  structure  at  solid-solution  interfaces.  An  example  of 
remarkable  success  in  this  area  is  the  use  of  coordination  chemistry  at  surfaces  to  form  self- 
assembled  monolayers  (SAMs)  on  inorganic  .substrates.'  The  two  best  characterized  of  these 
systems  are  formed  by  adsorption  of  alkyltrichloro-  (or  trialkoxy-)  silanes  on  the  native  oxide  of 
silicon,  or  by  adsorption  of  organosulfur  compounds  on  gold  surfaces.  Three  features  that 
distinguish  SAMs  from  other  surface  coatings  are;  (1)  the  molecular  adsorbates  are  densely 
packed,  approaching  crystalline-like  order;  (2)  only  one  layer  of  these  adsorbates  is  formed  at  a 
time;  and  (3)  the  adsorbates  may  contain  reactive  functionality  that  can  be  used  in  a  subsequent, 
separate  adsorption  step.  These  features,  in  turn,  result  from  two  key  characteristics  of  the 
adsorption  processes  in  these  systems;  strong  bonding  of  the  adsorbate  to  the  surface,  which  leads 
to  high  packing  densities;  and  the  finite  number  of  adsorption  sites  available  at  the  surface,  which 
limits  the  growth  per  reaction  cycle  to  one  monolayer.  In  the  w'^rk  reported  here,  we  have  used 
these  two  characteristics  as  design  principles  for  building  mono-  and  multilayers  of  titanium 
dioxide. 

Ultrathin  films  composed  of  purely  inorganic  components  are  of  interest  for  microelectronics 
applications,^  in  catalysis^  '*  and  as  components  for  nonlinear  and  vacuum  ultraviolet/soft  x-raj 
optics.*  In  addition  to  physical  deposition  methods,*'*  chemical  approaches  to  the  formation  of 
such  films  have  included  vacuum  methods  such  as  atomic  layer  epitaxy^'*  and  chemical  vapor 
deposition,®  as  well  as  solution-phase  methods.*-*  Several  groups  have  reported  that  a  single 
atomic  layer  of  titanium  dioxide  can  be  formed  by  the  reaction  of  a  titanium  (TV)  alkoxide  (from  the 
vapor  phase'"  or  from  solution*)  at  the  surface  of  hydrated  silica  gel,  via  a  reaction  similar  to  that 
used  for  the  production  of  relatively  thick  films  by  the  sol-gel  method."''^  We  have  investigated 
the  adsorption  of  ultrathin  layers  of  Ti02  by  forming  them  on  well-defined  substrates,  polished 
silicon  wafers.  The  native  oxide  on  a  silicon  wafer,  while  not  possessing  the  high  surface  area  of 
silica  gel,  does  display  similar  surface  chemistry  These  substrates  also  allow  characterization  of 
overlayers  by  various  techniques  that  do  not  lend  themselves  to  analysis  of  high-surface-area 
substrates,  such  as  optical  ellipsometry,  angle-resolved  XPS,  and  x-ray  reflectivity.  Films  of 
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oxides  formed  on  silicon  wafers  c  m  theiefone  aid  in  the  thorough  characterization  of  surfaces  of 
cauilyuc  interest.  In  addition,  methods  developed  to  form  uluathin  films  on  single  crystal  silicon 
subsu-ates  may  be  adaptable  to  allow  preparation  of  multilayers  incorpomting  more  than  one  type  of 
material,  which  could  potentially  serve  as  components  for  nonlinear  and  vacuum  ultraviolet/sofi  x- 
ray  optics 


SAMPLE  PREPARATION 

Titanium  dioxide  films  were  prepared  as  follows.  Clean  silicon  wafers  were  imported  into  a 
glovebox  containing  a  dry  nitrogen  atmosphere.  They  were  immersed  for  30  s  in  ~5  mM  solutions 
of  titanium  (IV)  tetra-n-butoxide  in  dry  toluene  (distilled  from  sodium),  and  subsequently  rinsed 
..with  dry  toluene.  The  wafers  were  then  exported  from  the  glovebox  and  again  rinsed  with  dry 
toluene.  The  samples  were  rinsed  with  purified  water  both  to  aid  in  hydrolysis  of  any  unreacted 
buioxy  grou(>o  to  remove  any  adsorbed  water-soluble  contaminants.  Second  and  subsequent 
layers  were  adsorbed  by  repeating  this  procedure  (Scheme  1 ). 


Si  SIOj 


Schema  1.  Schematic  illustration  of  the  two  steps,  in  the  adsorption  cycle  used  to 
form  an  uttrathin  film  of  TiOj.  This  cycle  was  repeated  to  form  multilayers  of  TiOj, 


CHARACTERIZATION  AND  DISCUSSION 

The  thickness  of  the  titanium  dioxide  films  was  measured  by  optical  ellipsometr/  (Rudolph 
Auto-EL  ni),  assuming  a  refractive  index  of  1.76.'^  (If  this  number  was  varied  to  as  high  a  value 
as  2.1,  ellipsometric  thicknesses  decreased  by  less  than  0.2  A,  so  the  exact  index  used  was  not 
critical.)  Initial  adsorptions  onto  clean  silicon  wafers  yielded  films  with  thicknesses  of 
approximately  3-4  A.  This  layer  thickness  was  independent  of  the  amount  of  time  that  the 
substrate  spent  in  the  adsorbate  solution,  over  the  range  that  we  measured  (30  seconds  to  4  days), 
indicating  that  the  limiting  reagent  is  the  hydroxyl  groups  on  the  surface  of  the  wafer  (silanols  and 
adsorbed  water),  and  not  residual  water  in  the  solvent.  Consistent  with  the  proposed  reaction 
scheme,  no  adsorption  occurred  on  wafers  that  had  been  pre-coated  with  a  SAM  by  treatment  with 
octadecyltrichlorosilane*^  to  provide  an  unreactive,  low-free-energy  surface. 

As  repeated  adsorptions  were  performed  on  the  same  wafer,  ellipsometric  measurements 
indicated  that  the  Ti02  thickness  increased  linearly.  Figure  1  shows  that  the  thickness  of  the  first 
layer  and  the  slope  of  thickness  vs.  number  of  adsorptions  were  not  perfectly  consistent  from  day 
to  day,  though  they  were  highly  consistent  for  different  wafers  prepared  on  a  particular  day.  This 
variability  could  perhaps  be  linked  to  variations  in  temperature  or  residual  water  vapor  in  the 
glovebox.  The  intercepts  of  these  least-squares  lines  were  always  non-zero  (-2-3  A),  implying 
that  a  greater  amount  of  TiOj  was  adsorbed  in  the  first  cycle  than  in  subsequent  cycles  (slopes  -1 
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A/cyclc).  Aliematively.  the  non-'ero  intercepts  could  be  due  to  a  layer  of  advteuiious 
contani  ination  adsorbed  at  the  outer  surface  of  the  TiO;  due  to  its  high  surface  free  energy.  Control 
wafers  that  were  treated  with  the  same  rinsing  procedure  as  the  experimental  wafers — but  not 
immersed  in  a  titanium  butoxide  solution — did  not  adsorb  sufficient  contamination  to  account  for 
the  non-zero  intercepts.  The  expected  thickness  of  a  TiOz  monolayer,  calculated  assuming 
tetrahedral  coordination  of  each  titanium  atom  to  four  oxygen  atoms  and  using  tabulated  covalent 
radii'^  is  3.35  A.  Our  results  thus  indicate  that,  whereas  we  may  have  obtained  a  full  monolayer  in 
the  first  cycle,  less  L'lan  a  monolayer  of  material  was  adsorbed  in  subsequent  cycles. 


Number  of  Adsorptions 


Figura  1 .  Ellipsometric  thickness  of  a  TiOj  overtayer  as  s  function  of  the  number  of 
adsorption  cycles  performed.  Each  symbol  represents  the  average  of  layer 
thicknesses  measured  on  three  separate  samples  treated  side-by-side.  Different 
shapes  (and  the  corresponding  best-fit  lines)  represent  experiments  performed  on 
different  days.  The  error  bar  represents  the  largest  range  in  data  observed  across  the 
three  samples  treated  on  a  single  day;  a  typical  range  was  50-75%  of  the  one  shown. 


We  expected  the  Ti02  layers  to  be  have  an  amorphous  network  structure,  because  they  were 
formed  at  low  temperatunes  via  surface  alcoholysi.s.  involving  nearly  thermoneutral  exchange  of 
one  oxygen  ligand  for  another.  Two  experimental  results  were  consistent  with  this  expectation. 
First,  no  peaks  associated  with  known  phases  of  crystalline  TiOz  were  present  in  x-ray 
diffractograms  of  these  samples.  The  absence  of  peaks,  however,  could  be  due  to  low  signal-to- 
noise  for  such  a  thin  sample  rather  than  a  lack  of  order  in  the  film.  Second,  the  layers  dissolved  in 
isopropanol,  indicating  that  the  tit.-'jiium  atoms  were  accessible  to  nucleophiles.  Amorphous  films 
of  TiOj  prepared  by  ALE*  were  found  to  undergo  transitions  to  the  crystalline  phases  analase  and 
rutile  upon  heating  to  350  and  550  'C  respectively;  we  expect  similar  densification  and  crystalliza¬ 
tion  of  the  amorphous  networks  formed  by  our  method  upon  annealing,  an  avenue  of  inquiry  that 
we  have  not  yet  explored. 

The  elemental  composition  of  the  adsorbed  films  was  determined  by  XPS  (Scienta  ESCA- 
300).  Specua  of  wafers  with  1-5  TiOj  layers  contained  peaks  due  to  titanium  as  well  as  silicon, 
oxygen,  and  carbon;  some  of  the  wafers  also  showed  trace  amounts  of  contamination  by  fluorine 
(most  likely  from  the  fluuropolymer  tweezers  and  reaction  vessels  used)  and  nitrogen.  The 
expected  intensity  of  theTi  photoemission  from  the  overlayer  is  given  by  equation  (1):'* 
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l(Ti)  =  UTi)(l-e 


(1) 


-d/X  Cos  6^ 

where  l(Ti)  is  observed  intensity;  U*(Ti)  is  the  intensity  that  would  be  observed  for  an  infinitely 
thick  sample  of  TiOj;  d  is  the  thickness  of  the  TiOj  overlayer;  X  is  the  inelastic  electron  mean  free 
path  (assumed  to  be  25  A);'^  and  0  is  the  detector  angle,  with  0"  defined  as  the  surface  normal. 
Similarly,  the  substrate  photoemission,  that  from  elemental  and  oxidized  silicon,  should  be 
attenuated  exponentially  by  the  TiOz  overlayer  as  shown  in  equation  (2): 

l(Si)  =  I.(Si)e^“^«  (2) 

where  l.(Si)  is  the  intensity  that  would  be  observed  in  the  absence  of  the  overlayer.  Either  signal 
may  in  addition  be  attenuated  exponentially  by  an  overlayer  of  contamination.  Figure  2a  shows  the 
intensity  of  the  Ti  2p  photoemission  vs.  number  of  adsorption  cycles.  The  photoemission 
increased  monotonically  with  the  number  of  adsorption  cycles,  but  was  difficult  to  fit  meaningfully 
to  equation  ( 1 ).  Figure  2b  shows  the  attenuation  of  the  oxidized  and  non-oxidized  silicon  peaks 
with  the  number  of  TiO^  ovcriayer.s.  The  observed  attenuation  indicates  that  the  layers  are 
approximately  1  A  in  thickness,  but  does  not  indicate  that  the  initial  adsorption  is  thicker  than  any 
.subsequent  adsorption. 


Number  of  Adsorptions 


Figure  2.  a)  Intensity  ot  the  Ti  2p 
pholoemission  as  a  function  of  the 
number  of  adsorption  cycles  on  a 
sample,  b)  Natural  logarithm  of  the 
intensity  ot  Si  2p  photoemission  from 
oxidized  (circles)  and  elemental 
(diamonds)  silicon  asa  function  of  the 
number  of  adsorption  cycles  on  a 
sample.  The  intensities  of  the  Si 
signals  decreased  exponentially  as 
the  Ti02  overlayer  grew  thicker. 
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We  made  angle-resolved  XPS  measurements  in  an  attempt  to  investigate  whether  the  Ti02 
formed  islands  or  gave  smooth  coverage  of  the  substrate  after  one  cycle.'*’’*  A  simple  analysis, 
however,  did  not  yield  interpretable  results;  theoretical  fits  to  the  data  for  100%  and  70%  coverage 
are  shown  in  Figure  3.  Despite  simultaneous  optimization  of  several  parameters — the  inelastic 
electron  mean  free  path  (for  such  a  thin  layer,  varying  this  parameter  within  leasunable  limits  made 
almost  no  difference),  the  thickness  of  an  overlayer  of  carlxin  contamination,  the  thickness  of  the 
Ti02  monolayer  itself,  and  the  fractional  coverage  of  the  overlayer — in  no  case  could  we 
satisfactorily  fit  the  data  for  detector  angles  between  50"  and  65'  from  the  surface  normal.  The 
theoretical  lines  shown  in  Figure  3  indicate  that  for  films  as  thin  as  ours,  variations  in  coverage 
have  little  effect  on  the  fit  to  the  data;  consequendy,  although  the  best  fit  to  the  data  was  obtained 
for  100%  coverage,  we  cannot  conclude  that  Kill  coverage  was  in  fact  obtained. 


Figure  3.  Normalized  intensity  of  the  Ti  2p  photoemission  as  a  function  of  the  angle 
between  the  surface  normal  and  the  detector.  Lines  shown  are  optimized  fits  to  the 
data,  assuming  the  inelastic  electron  mean  free  path  (X)  to  be  25  A.  Results  indicate 
that  the  Ti02  overlayer  thickness  is  2  A,  and  that  it  is  covered  with  a  layer  of 
contamination  that  is  2  A  in  thickness.  Lines  for  t00%  and  70%  coverage  are  shown 
to  illustrate  the  insensitivity  of  this  analysis  to  the  surface  coverage  for  such  a  thin 
overlayer. 


CONCLUSIONS 

In  summary,  we  have  demonstrated  that  films  of  titanium  dioxide  can  be  grown  layer-by-layer 
on  silicon  wafers  via  chemical  methods  that  form  strong  bonds  between  the  TiOz  overlayer  and  the 
substrate.  The  limited  number  of  reactive  sites  (surface  hydroxyls)  restricts  growth  to  one 
monolayer  or  less  per  adsorption  cycle,  Ellipsometry  and  photoemission  from  titanium  indicate 
that  the  first  adsorbed  layer  is  thicker  than  subsequent  layers,  but  that  thickness  increases  linearly 
as  more  layeis  are  adsorbed. 
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ABSTRACT 

We  have  developed  a  new  poly-foam  process  for  the  cost  effective  preparation  of  ceramic 
nanoparticles.  The  process  utilizes  the  chemistry  of  polyurethane  reactions  and  is  proven  to  be 
effective  for  forming  nanometer  size  ceramic  powders  of  a  great  variety  of  single  metal  oxides  and 
mixed  metal  oxides.  In  general,  ceramic  powders  can  be  prepared  by  this  process  having  a  range 
of  average  particle  size  between  3  to  SO  nm,  with  very  narrow  particle  size  distrib,ition  They  are 
free  of  hard  agglomerates,  are  chemically  pure  and  uniform,  and  are  essentially  spherical  in  shape 


INTRODUCTION 

Because  of  their  extremely  fine  particle  size,  nanoparticulate  ceramic  materials  (panicle  size 
less  than  100  nm)  exhibit  novel  combinations  of  physical,  mechanical,  and  magnetic  properties  I 
However,  traditional  ceramic  processes  such  as  milling,  grinding,  and  chemical  precipitation  are 
not  capable  of  producing  ceramic  nanoparticles.  Significant  advances  have  been  made  in  recent 
years  in  developing  more  sophisticated  processes  to  fabricate  ceramic  nanoparticles 

The  sol-gel  process  has  been  used  to  prepare  fine  ceramic  powder  for  many  years*  In  one 
typical  procedure,  a  met.al  is  reacted  with  an  alcohol  to  form  a  metal  alkoxide  The  metal  alkoxide 
then  is  dissolved  in  an  alcohol.  Next,  water  is  added  to  cause  the  alkoxide  to  hydrolyze.  After  the 
pH  of  the  solution  is  adjusted,  the  materials  polymerizes  to  form  a  gel  which  consists  of  loosely 
bonded  materials  and  the  solvents,  water  and  alcohol.  The  conversion  of  the  gel  to  a  finely 
divided  metal  oxide  powder  with  a  very  fine  particle  size  is  achieved  by  hypercritical  evacuation  of 
the  solvent,  water  and  alcohol  Unfortunately,  the  sol-gel  process  requires  the  formation  of  a 
metal  alkoxide.  which  is  expensive,  is  air  sensitive,  and  is  difficult  to  control 

The  controlled  production  of  ultrafine  ceramic  particles  such  as  AI2O3  and  Zr02  by  gas 
condensation  has  recently  been  refined^.  The  generation  of  atom  clusters  via  gas  condensation 
proceeds  by  evaporating  a  precursor  material  such  as  an  metal  element  or  volatile  metallic 
compound,  in  a  gas  maintained  at  low  pressure,  and  by  the  in-situ  consolidation  of  the  clusters 
under  vacuum  conditions.  The  fine  metal  clusters  can  then  be  collected  and  oxidized  to  form  the 
desired  metal  oxide.  The  broad  application  of  this  process,  however,  has  been  hindered  by  the 
limited  availability  of  high  volatility  metal  containing  precursors  and  by  the  inability  of  the  process 
to  produce  stoichiometric  mixed  metal  oxides. 

A  glycine  nitrate  process  has  recently  been  developed  for  preparing  ceramic  oxide 
nanoparticles^.  This  process  involves  the  dissolution  of  metal  nitrates  in  H2O  and  adding  glycine 
to  form  a  metalorganic  precursor.  The  precursor  is  then  heated  until  it  ignites.  Combustion  takes 
place  at  temperatures  as  high  as  I450°C.  This  process  holds  promise  for  producing  fine  ceramic 
particles  if  materials  loss  due  to  the  high  temperature  combustion  can  be  minimized  and  the  high 
reaction  temperatures  can  be  controlled  to  prevent  the  formation  of  hard  particle  agglomerates. 
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In  summary,  up-scale  production  of  ceramic  nanoparticles  remains  technically  difficult  and  cost 
intensive.  Until  ceramic  nanoparticles  can  be  made  widely  available,  we  will  be  unable  to  utilize 
their  unique  properties  for  a  wide  range  of  potential  applications.  In  this  paper,  we  report  a  new 
poly-foam  process^  for  preparing  ceramic  nanoparticles  which  we  believe  to  have  great  potential 
fo!  inexpensive  manufacture  of  high  quality  ceramic  nanometer  size  powders  Over  twenty 
ent  ceramic  oxides  and  metal  powders  have  been  synthesized  using  the  poly-foam  process 
ne  resulting  powders  are  ultrafine  (3  to  SO  nm  in  diameter),  uniform  in  size,  high  purity,  and 
of  hard  agglomerates 


THE  POLY-FOAM  PROCESS 
The  poly-foam  process  has  four  basic  steps: 

1.  Metal  cation  salts  such  as  nitrates,  acetates,  oxalates,  carbonates,  chlorides  and  mixtures 
thereof  are  dissolved  in  a  solvent  system  such  as  H2O,  acetone,  and  alcohol. 

2.  A  polymer  foaming  reactant  such  as  a  mixture  of  polyols,  organic  surfactants  and  catalysts  is 
mixed  with  the  solution  containing  the  dissolved  metal  salts, 

3  Another  polymeric  foaming  reactant,  e  g.  an  isocyanate,  is  added  to  the  above  system  and  a 
foam  is  produced, 

4  The  polymeric  foam  comprising  the  metal  cations  homogeneously  incorporated  within  the 
foam  cell  structure  is  harden  and  heated  to  decompose  the  organics,  producing  nanometer  size 
metal  oxide  particles. 


EXPERIMENTAL  METHODS  AND  RESULTS 

The  poly-foam  process  is  very  flexible  and  can  be  used  to  prepare  a  wide  range  of  ceramic 
powders  of  single  metal  oxides  or  mixed  metal  oxides  We  have  successfully  prepared  over  20 
different  ceramic  nano-powders  The  following  are  some  of  the  examples 

Stabilized  Zirconia 


The  starting  materials  used  were  ZrO(N03)3.xH20  and  Y(N03)3.5H20  About  50  grams  of 
the  nitrates,  in  a  stoichiometric  ratio  required  to  obtain  Zro  g4Y0.i6Ol.92  "'“s  dissolved  in 
approximately  40  grams  of  distilled  water.  The  nitrate  solution  was  mixed  in  a  600  milliliter  glass 
beaker  with  200  ml  of  a  mixture  of  polyols,  organic  surfactants  and  catalysts  for  approximately 
five  minutes.  Polymeric  isocyanates  (200  ml)  were  added  to  the  mixture  and  mixed  for 
approximately  30  seconds  and  the  resulting  chemical  mixture  was  transferred  to  two  2  L  size 
porcelain  dishes  where  rapid  foaming  occurred.  The  foam  containing  the  metal  ions  hardened 
after  about  thirty  minutes  and  was  fired  in  air  at  750oC  for  three  hours  with  a  heating  rate  of 
8°C/min  to  decompose  the  organic  compounds. 

The  powder  obtained  appears  to  be  very  flufly  A  powder  bulk  density  of  about  0.02  g/cc  was 
measured.  Phase  studies  using  X-ray  difftaction  indicated  that  a  single  cubic  zirconia  phase  was 
obtained. 

BET  surface  area  measurement  was  carried  out  on  the  powder  sample,  a  surface  area  of  96 
m^/g  was  obtained. 

The  powder  was  then  examined  using  a  Transmission  Electron  Microscope  (TEM),  Figure  I 
It  is  noted  that  the  powder  has  an  average  particle  size  of  about  20  nm,  has  a  very  narrow  particle 
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size  distribution,  and  is  essentially  spherical  in  shape  It  is  also  noted  that  the  particle-particle 
association  in  the  powder  follows  the  pattern  of  the  polymeric  foam  structure. 

In  a  modification  of  the  procedure  described  above,  the  solvent  system  used  contained  ethanol 
and  acetone  in  a  one  to  one  ratio.  The  resulting  Y-Z1O2  powder  has  a  BET  surface  area  of  104 
m^/g.  This  result  indicates  that  the  solvent  system  used  to  dissolve  the  metal  salts  has  no 
significant  effect  on  the  characteristics  of  the  final  powders. 

In  yet  another  modification  of  the  procedure  described  above,  the  total  nitrates  used  were  2S  g 
instead  of  SO  g.  The  particle  size  distribution  listed  in  Table  I  for  the  resulting  powder  was 
measured  fi’om  TEM  micrographs.  Figure  2.  It  is  significant  to  note  that  the  average  particle  size 
is  only  about  7  nm  and  the  particle  size  distribution  is  very  narrow  with  the  largest  particle  smaller 
than  20  nm  in  diameter  This  observation  suggests  that  the  average  particle  size  of  the 
nanoparticles  can  be  reduced  by  reducing  the  metal  loading  in  the  metal  ions/polymer  precursor 

Table  1  Statistical  Summary  for  Crystalline  Size  Measurements  of  Y-Zr02  Powder 


Mean 

7  7  nm 

Standard  Deviation 

3  2 

Range 

16  4 

Minimum 

2  8 

Maximum 

19.2 

Number  of  Count 

560 

Alumina 

A  similar  procedure  as  above  was  used  to  prepare  AI2O3  nanoparticles  The  powder  thus 
obtained  has  a  BET  surface  area  of  about  118  m'/g.  TWs  corresponds  to  an  average  particle 
diameter  of  about  13  nm 

Oxide  Catalyst 

Mixed  oxides  CuO  Cr203  AI2O3  are  used  as  catalyst  type  materials  Nanoparticles  of  these 
oxides  were  prepared  following  a  similar  procedure  to  that  descried  above  The  resulting  powder 
was  found  to  have  a  BET  surface  area  of  about  81  m^/g. 

Other  Oxide  Ceramics 

Other  ceramic  oxide  nano-powders  prepared  using  the  poly-foam  process  include  doped 
barium  cerate,  lithium  ferrite,  zinc  oxide,  yttrium  oxide,  doped  lanthanum  chromate,  123- 
superconductor,  nickel  oxide,  and  iron  oxide. 


DISCUSSIONS 

It  is  significant  to  note  that  the  poly-foam  process  can  be  employed  to  prepare  ceramic 
nanopatticles  for  a  large  number  of  metal  oxides.  We  believe  that  the  ability  of  the  poly-foam 
process  for  forming  ceramic  nanoparticles  relies  on  two  important  properties  of  polymeric  foams 
such  as  polyurethane  foams.  The  first  property  is  the  formation  of  a  vastly  expanded  three 
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dimensional  cellular  structure  which  help  to  separate  metal  ions  during  decomposition  and 
calcination  The  second  property  is  the  reaction  of  hydrogen-containing  compounds  such  as 
water  with  isocyanate  (e  g.,  forming  diamine  and  carbon  dioxide  blowing  gas),  which  effectively 
removes  solvent  and  water  that  would  otherwise  be  removed  by  hypercritical  evacuation  as  in  the 
sol-gel  process,  or  by  heating  as  in  other  wet  chemistry  processes. 

Polyurethanes  are  chemically  complex  polymeric  materials,  usually  formed  by  the  reactions  of 
liquid  isocyanate  components  with  liquid  polyol  resin  components  The  fundamental  addition 
polymerization  reaction  of  diisocyanates  with  alcohol  to  produce  high  polymers  was  discovered  in 
1937  by  Bayer  and  his  co-workers^ 

Polyurethanes  are  addition  polymers  formed  by  the  exothermic  reaction  of  di-  or  poly¬ 
isocyanates  with  polyols  in  accordance  with  the  following  general  reaction 

OH  — R  — OH  -  OCN-R  — NCO - > 

(Poljoi  (Diisoc)»niiel 


r  — C— S— R  — N— C— O— R— O' 

11  I  I  II 

I  O  H  HO 

{Poiyurethnne) 


After  reaction  with  the  polyols,  the  next  most  important  reaction  of  isocyanates  is  with  water  to 
yield  a  substituted  urea  and  carbon  dioxide  which  provides  the  principal  source  of  gas  for  blowing 
in  the  forming  of  low  density  foams.  This  reaaion  proceeds  in  accordance  with  the  following 
general  formula: 

2HOH  *  OCN-R-NCO - >  HjN— R— NH:  *  JCOj 

(Dumine)  (Carbon  dioxide) 

2  (OCN— R— NCO) 

(Diisocyanftie) 


(water)  (Dnaocyanate) 

i 


-continued 

OCN— R  — N— C— N— R— N— C— N— R— NCO 
I  II  I  I  II  I 

H  O  H  H  O  H 


(•  diisocyanaie  polymer) 


It  is  important  to  note  that  water  in  the  system  is  utilized  in  the  polymerization  reactions  and, 
thus,  not  have  to  be  removed  by  an  extra  drying  process. 

To  promote  the  chemical  reaction  and  permit  better  control  of  the  foam  structure,  other 
chemicals,  such  as  surfactants  and  catalysts,  may  be  added. 

When  metal  salt  solution  is  added  to  the  polyurethane  system,  a  series  of  new  chemical 
reactions  will  occur,  which,  however,  are  not  fully  understood.  Nevertheless,  it  is  expected  that 
all  hydrogen-containing  compounds  such  as  H2O  and  alcohol  in  the  metal  salt  solution  will  react 
rapidly  with  isocyanates.  This  may  explain  the  fact  that  the  properties  of  the  final  powder  do  not 
depend  significantly  on  the  solvent  system.  The  metal  ions,  however,  could  either  be  chonically 
bonded  to  the  cross-linked  polymeric  chains  or  remained  as  isolated  precipitates  physically  fi'ozen 
within  the  rapidly  harden  and  vastly  expanded  cellular  structure. 

It  is  known  that  polyurethane  foams  contain  various  polyphases^.  There  are  discrete  hard 
polymer  domains  dispersed  within  a  continues  soft  polymer  phase  if  the  water  level  is  low,  and 
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there  are  also  agglomerated  polyurea  precipitates  (polyurea  balls)  if  the  water  level  is  high  If  the 
metal  ions  are  not  chemically  bonded  to  the  polymer  chains,  they  may  form  groups  of  precipitates 
that  will  be  separated  by  the  hard  polymer  domains  and  by  the  agglomerated  polyurea  precipitates. 
If  this  assumption  is  valid,  it  is  expected  that  the  particle  size  of  the  metal  oxide  nanoparticles  will 
depend  on  the  population  of  metal  ion  precipitates  in  each  discrete  group. 

The  hard  polymer  domains  are  evenly  spaced;  the  distance  is  about  6S-12S  Angstroms.  The 
polyurea  balls  are  also  evenly  distributed  with  a  separation  distance  of  about  3,000  Angstroms 
From  these  comparative  spacing  for  the  morphological  feature  of  polyurethane  foam,  the  particle 
size  of  the  final  powders  (between  3  nm  and  SO  nm)  is  well  anticipated.  This  hypothesis  also 
suggest  that  because  the  hard  polymer  domains  and  polyurea  balls  are  evenly  distributed  in  the 
foam,  as  a  result,  the  nanoparticles  will  have  a  very  narrow  size  distribution.  This  is  indeed 
observed  in  our  study  It  is  also  clear  that  if  the  metal  ion  loading  is  low,  the  population  of  metal 
ion  precipitates  in  each  discrete  group  will  be  small,  and  thus  the  final  particle  size  will 
consequently  be  small  This  is  also  observed  in  our  experiments. 


CONCLUSIONS 

A  new  process  has  been  developed  for  preparing  ceramic  nanoparticles  The  process  utilizes 
the  chemistry  of  polyurethane  reactions  and  was  proven  to  be  effective  for  preparing  nanometer 
ceramic  powders  of  a  great  number  of  single  metal  oxides  and  mixed  metal  oxides.  In  general, 
powders  prepared  by  this  process  have  average  particle  size  ranging  from  3  to  50  nm,  have  very 
narrow  particle  size  distribution,  are  free  of  hard  agglomeration,  are  chemically  pure  and  uniform, 
and  are  essentially  spherical  in  shape 
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ABSTRACT 


Transport  models  have  predicted  that  the  thermal  conductivity  of  SiGe  alloys  could  be 
appreciably  reduced  by  incorporating  a  discrete  40A  particles  with  the  SiGe  grains.  Such  a 
thermal  conductivity  reduction  would  lead  to  substantial  improvements  in  the  figure-of-merit  of 
thermoelectric  materials.  This  paper  reports  on  recent  results  on  adding  40A  particles  to  SiGe 
via  a  spark  erosion  process.  Thermal  conductivity  reductions  consistent  with  the  transport  models 
have  been  achieved,  however,  the  improvement  in  rigute-of-merit  has  not  been  as  large  as 
predicted. 


INTRODUCTION 


Devices  based  on  the  thermoelectric  effect  have  been  widely  used  for  power  generation  in 
space  applications,  from  the  very  successful  Voyager  programs  through  the  current  Cassini 
mission.  The  performance  of  thermoelectric  materials  is  quantified  in  the  figure-of-merit,  Z  = 
S^A.p  where  S=  Seebeck  coefficient,  X=  thermal  conductivity  and  p=  electrical  resistivity. 

These  parameters  are  interdependent  as  they  are  all  functions  of  the  carrier  concentration;  this 
relationship  is  illustrated  qualitatively  in  Figure  1.  The  highest  figures-of-merit  are  achieved  for 
highly  doped  semiconductors  with  carrier  concentrations  in  the  range  of  10"  -  10^’  carriers/cm’. 
The  thermoelectric  material  most  widely  used  in  power  generation  applications  is  the  high- 
temperature  SiGe  alloys.  This  material  can  be  doped  sufficiently  and  since  n-  and  p-  type 
dopants  are  available  device  fabrication  is  simplified. 

Efforts  to  improve  the  figure-of-merit  have  typically  focussed  on  two  areas;  increasing  the 
electrical  power  factor  (SVp)  by  increasing  the  carrier  concentration  and  decreasing  the  thermal 
conductivity  by  scattering  thermal  phonons.  The  thermal  conductivity  of  heavily-doped 
semiconductors  can  be  separated  into  two  parts,  lattice  and  electronic.  The  lattice  conductivity 
can  be  modified  by  scattering  the  phonons  which  umisport  the  heat.  In  fact,  the  thermal 
conductivity  of  SiGe  is  appreciably  reduced  compared  to  elemental  Si  and  Ge  because  the  mass 
difference  distorts  the  crystal  lattice  and  scatters  short  wavelength  phonons.  Grain  boundaries 
and  free  carriers  are  effective  at  scattering  long  wavelength  phonons.  Therefore  most  of  the  heat 
in  SiGe  alloys  is  carried  by  intermediate  wavelength  phonons.  Transport  models  have  predicted 
that  thermal  conductivities  could  be  reduced  by  40%  by  adding  appropriately  sized  particles  to 
act  as  scattering  centers  for  these  phonons'.  These  particles  should  be  about  50  A  in  diameter 
and  the  concentration  should  be  close  to  10"  cm  ’.  These  particles  must  be  inside  the  individual 
SiGe  grains,  and  not  located  at  the  grain  boundary.  In  addition,  the  SiGe  grains  must  be  large 
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Figure  1 .  Dependence  of  Thermoelectric  Properties  on  carrier  concentration 

enough  so  that  electrons  are  not  scattered  by  the  grain  boundaries.  The  electrons  will  not  be 
scattered  by  the  50  A  inclusions  located  within  the  grain  as  a  result  of  their  small  size  relative 
to  the  electron  mean  free  path. 

In  order  for  the  particulate  inclusion  to  be  effective  the  inclusion  must  be  chemically  stable 
in  the  boron-doped  SiGe  matrix  and  thermally  stable  at  lOOOC,  the  maximum  u,se  temperature 
of  the  thermoelectric  device.  A  variety  of  materials  were  evaluated'  and  BN  and  B<C  were  found 
to  be  the  most  stable.  Recent  results  of  these  material  systems  will  be  the  subject  of  this  paper. 


EXPERIMENTAL 


Nanophase  powders  of  both  SiGe  and  the  inert  scattering  center  were  fabricated  by  a  spark 
erosion  technique.  The  spark  erosion  apparatus  has  been  discussed  elsewhere’.  The  powders 
were  then  blended  and  hot-piessed  to  form  compacts  containing  2-10  v/o  of  the  inert  panicles. 
High  temperature  heat  treatments  were  used  to  grow  the  SiGe  grains  to  2  pm  while  leaving  the 
inert  second  phase  at  the  initial  size.  Alternatively,  electrodes  were  first  fabricated  from  a 
mixture  of  SiGe  and  the  inert  addition.  The  electrode  would  then  be  eroded  to  produce  the 
powder  blend  in  one  step.  The  powder  was  then  hot-pressed  and  heat  treated. 

Seebeck  coefficient  and  electrical  resistivity  were  measured  simultaneously  from  room 
temperature  to  lOOOC  Thermal  conductivity  was  measured  using  a  flash  diffusivity  technique  to 
measure  both  diffusivity  and  heat  capacity*. 


RESULTS  AND  DISCUSSION 


SiGe  samples  were  prepared  with  2-6  v/o  BN.  The  boron  nitride  was  prepared  by  eroding 
polycrystalline  boron  rods  in  a  nitrogen  atmosphere.  Heat  treating  at  1275C  for  a  minimum  of 
200  hrs  was  required  to  grow  the  SiGe  grains  to  more  than  2  pm.  The  BN  particles  did  not  grow 
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iuid  were  well  distributed  in  the  SiGe  grains  as  shown  by  the  TEM  micrograph  in  Figure  2.  The 
concentration  of  BN  particles  in  this  sample  was  about  2  v/o.  The  thermal  conductivity  was 
reduced  without  degradation  of  the  power  factor  resulting  in  an  increase  in  the  average  Z, 
integrated  over  600  -  lOOOC,  of  20%  over  baseline  material.  The  Seebeck  coefficient,  electrical 
resistivity,  thermal  conductivity  and  figure-of-merit  are  shown  plotted  in  Figure  3  as  a  function 
of  temperature  with  baseline  values’  plotted  for  comparison. 


Figure  2.  TEM  micrograph  of  SiGe  grain  containing  BN  inclusions  (dark  spots  in  photo) 

While  these  results  were  intriguing,  attempts  to  add  higher  concentrations  of  BN  resulted  in 
samples  with  low  mobility  and  low  figure-of-metit.  In  these  samples,  the  SiGe  grains  did  not 
grow  to  sufficient  size  even  after  extensive  heat  treatment  It  was  believed  that  this  may  have 
cither  been  due  to  unreacted  or  incompletely  reacted  boron  acting  to  pin  the  SiGe  grain 
boundaries  or  to  agglomeration  of  the  BN  prior  to  incorporation  in  the  SiGe  matrix. 

Boron  carbide  was  chosen  to  as  an  alternative  to  boron  nitride.  Boron  carbide  would  be  stable 
in  the  SiGe  matrix  and  since  it’s  semi-metallic,  the  boron  carbide  could  be  incorporated  into  the 
SiGe  electrode  so  that  the  matrix  and  inclusion  could  be  eroded  together  and  separation  of  the 
two  components  minimized. 

While  evaluating  this  material  system,  significant  discrepancies  were  found  in  the  room 
temperature  electrical  resistivity  relative  to  the  pressing  direction.Because  this  difference  was 
larger  than  could  be  expected  from  just  high  temperature  quenching  effects  (boron  exhibits 
retrograde  solid  solubility  in  SiGe),  it  appeared  as  if  the  sample  was  geometrically  anisotropic. 
Subsequent  examination  of  the  microsoocture  revealed  a  highly  anisotropic  structure  with  very 
long  and  narrow  grains  similar  to  stacked  plates  observed  in  the  perpendicular  directions  as 
shown  in  Figure  4. 

This  geometrical  anisotropy  of  an  otherwise  isotropic  material  leads  to  a  significantly  higher 
mobility  and  lower  electrical  resistivity  in  the  perpendicular  direction.  This  anisotropy  has  only 
been  observed  with  samples  fabricated  from  spark -eroded  powder.  Conventional  SiGe  alloys  as 
well  as  fine-grained  mechanically-alloyed  SiGe  exhibit  a  isotropic  crystalline  morphology. 
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Figure  3.  Thermoeleccric  properties  of  BN-SiGe  sample  compared  to 
conventional  SiGe  material 


Figure  4.  SEM  micrographs  of  B4C  SiGe  showing  structural  anisotropy  (a)  parallel;  (b) 
perpendicular 
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Because  the  mobility  is  the  majn  transport  property  affected  hy  the  anisotropy,  the  rauo 
between  electrical  resistivities  in  the  parallel  and  perpendicular  directions  is  translated 
almostdirectly  into  the  figure-of-merit.  While  this  result  is  encouraging  and  suggests  that 
'nprovements  may  be  made  by  taking  advantage  of  this  anisotropy  in  device  fahricauon.  the 
o  rail  performai.r?  of  the  boron  carbide  system  was  not  as  high  as  the  best  BN-SiOe  samples 
Figure  5  illustrates  we  resulting  relative  increase  in  Z  for  a  typical  boron  carbide  sample.  The 
maximum  Z  increased  from  0.4xl0'’K  ‘  to  0.57xl0’K  '.  The  low  figure-of-ment  could  be 
atthbuted  to  reduced  mobility  even  in  the  perpendicular  direction  when  compared  to  standard 
SiGe. 


Rgare,  S.  Perpendiculai  to  parallel  anisotropy  ratio  for  as-  pressed  B,C  SiGe 
sample 

These  results  prompted  a  re-evaluation  of  the  BN  system.  Samples  were  fabricated  using  the 
blended  electrode  technique  developed  for  the  B,C  system.  The  thermoelectric  properties  for  an 
as-pressed  BN-SiGe  sample  measured  in  the  perpendicular  direction  is  shown  in  Figure  6.  The 
integrated  average  value  of  0.58  x  10  ’  K  ‘  is  comparable  to  the  baseline  material.  However,  the 
thermal  conductivity  is  appreciably  reduced  compared  to  standard  size,  hot  pressed  material. 
Since  this  result  is  for  as-pressed  material,  further  improvements  can  be  expected  after  the  sample 
is  annealed  and  the  grain  size  is  increased. 


CONCLUSION 


Systematic  and  theoretical  studies  have  resulted  in  reproducible  improve i.^ents  in  tne  figure-of- 
merit  of  p-type  SiGe.  Several  scattering  centers  have  been  sh  wn  to  be  effective  in  reducing  the 


435 


I  wo 


Figure  6.  Themioelectric  properties  for  as-pressed  BN-SiGe  sample  measured 
perpendicular  to  pressing  direction 


thermal  conductivity.  Addition  of  nanophase  BN  has  succeeded  in  increasing  the  integrated 
average  figure-of-merit  to  0.7  x  10  ’  K  The  unexpected  occurrence  of  geometrical  anistropy 

in  these  systems  suggests  that  higher  Z’s  may  be  obtained  when  the  processing  parameters  have 
been  fully  defined. 
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ABSTRACT 


Laser  ablation  has  become  widely  recognized  as  an  effective  technique 
for  the  preparation  of  thin  solid  Rims.  We  have  employed  an  excimer  laser 
(KrF,  248  nm)  to  deposit  weU  dispersed  thin  films  of  aluminum  phosphate 
molecular  sieves  on  a  titanium  nitride  substrate.  Results  for  the  ablation  of 
AIPO4-5,  AIPO4-H3  and  AIPO4-HI  molecular  sieve  targets  are  presented. 
The  laser  power  and  repetition  rate  as  well  as  substrate  distance  and 
temperature  affect  the  thin  film  formation.  A  subsequent  hydrothermal  post 
treatment  of  the  ablated  films  was  found  to  enhance  the  surface  crystallinity. 
The  molecular  sieve  thin  films  were  characterized  by  XRD,  SEM.  XRF,  and 
FT-IR  spectroscopy. 


INTRODUCTION 

Molecular  sieves  constitute  a  special  class  of  low  density  crystalline 
metal  oxides  having  well  defined  micropores  [IJ.  These  materials  are 
attractive  as  the  adsorbing  phase  in  chemical  sensors  because  of  the  shape 
selectivity  imparted  by  the  uniform  pore  systems.  Zeolite  molecular  sieve 
based  surface  acoustic  wave  (SAW)  devices  [2]  as  well  as  piezoelectric  quartz 
crystal  microgravimetric  type  sensors  [3-5]  have  shown  promise  in  selectively 
detecting  organic  molecules.  In  these  cases,  thin  film  configuration  is 
generally  a  ceramic  composite  or  the  zeolites  are  tethered  to  the  electrode 
surface  via  organic  linkages.  The  sensing  ability  of  these  devices  depends  on 
a  weight  change.  A  measure  of  the  change  in  zeolite  electronic  properties 
upon  adsorption  of  target  molecules  might  prove  more  selective.  An 
interdigitized  capacitor  type  sensor  which  employed  a  thin  Y  type  zeolite 
coating  as  the  dielectric  has  been  reported  [6,7].  A  change  in  zeolite  dielectric 
constant  was  measured  upon  adsorption  of  different  molecules. 
Unfortunately,  the  sensitivity  of  this  device  was  rather  poor.  This  is  not  too 
surprising  since  capacitance  depends  inversely  on  the  distance  between  the 
electrodes  which  suggests  that  exceptionaUy  thin  dielectric  films  would  be 
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required  to  register  large  capacitance  changes.  Additionally,  zeolites  are  ionic 
conductors  and  consequently  poor  dielectrics.  We  proposed  that  very  thin 
films  of  a  neutral  lattice  molecular  sieve  such  as  an  aluminum  phosphate, 
might  form  the  basis  for  a  sensitive  and  selective  capacitance  type  chemical 
sensor.  Therefore,  we  initiated  an  effort  to  develop  different  strategies 
towards  the  preparation  of  uniform  AIPO4  molecular  sieve  thin  films  in  the 
nanometer  range. 

Zeolites  have  been  crystallized  onto  various  metal  substrates  during 
synthesis  (8- 10)  where  the  zeolites  reportedly  stick  to  the  surfaces  quite  well. 
We  explored  the  deposition  of  AIPO4  molecular  sieves  onto  a  titanium  nitride 
surface  during  crystallization.  The  resulting  crystals  adhered  well  to  the  TiN 
but  were  too  large  and  not  evenly  dispersed.  It  quickly  became  apparent  that 
we  could  not  control  thickness  or  surface  coverage  by  this  method. 

The  growth  of  thin  films  by  laser  induced  evaporation  or  ablation  has 
been  well  established  for  high  density  metal  oxides  (11).  Depending  upon  the 
deposition  conditions  this  technique  may  involve  equilibrium  and/or  non- 
equilibrium  processes.  Laser  ablation  offers  many  advantages  over 
evaporation  and  sputtering  methods.  Although,  laser  ablation  has  not  been 
applied  to  low  density  phases,  we  felt  it  might  be  possible  to  deposit  a 
continuous  film  of  molecular  sieve  with  a  controlled  thickness  by  this 
technique.  In  this  paper,  we  report  our  preUminary  results  for  the  laser 
ablation  of  AIPO4  molecular  sieves  onto  a  TiN  substrate.  The  nature  of  the 
ablated  films  was  found  to  vary  with  laser  pulse  repetition  rate,  substrate 
temperature  and  chamber  atmosphere.  Partially  crystalline  films  with  a 
thickness  of  20nm  to  >lpm  were  prepared  firom  A1P04-5,  AIPO4-HI  and 
A1P04-H3.  The  films  were  characterized  by  XRD,  XRF,  SEM  and  IR 
spectroscopy.  It  was  discovered  that  a  brief  hydrothermal  treatment  after 
ablation  dramatically  improved  the  surface  crystallinity.  We  propose  that  the 
ablated  surface  is  composed  largely  of  molecular  sieve  fragments  that 
reorganize  under  hydrothermal  conditions  that  would  not  normally  result  in 
bulk  crystals. 


EXPERIMENTAL 

Molecular  sieve  AIPO4-5  was  prepared  using  tripropylamine  as  a 
template  under  conditions  previously  published  [1).  Molecular  sieves  AIPO4- 
H1  and  AIPO4-H3  were  prepared  without  an  organic  structure  directing 
agent  as  previously  described  (12).  AIPO4  targets  for  laser  ablation  were 
prepared  by  pressing  ~1  gram  of  molecular  sieve  in  a  1"  die.  The  set  up  for 
laser  ablation  of  the  molecular  sieves  is  shown  schematically  in  figure  I.  A 
Questek  2000  KrF  (248  nm)  exdmer  laser  generated  a  beam  with  a  power 
density  of  10®  W  cm‘2  .  Laser  pulse  energies  of  50mJ  to  400  mJ  with  pulse 
repetition  rates  of  firom  1  to  80  pulses  sec-1  were  employed  in  this  study.  The 
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beam  was  reduced  to  a  diameter  of  1.7  cm  before  it  was  reflected  off  a 
computer  controlled  rastering  mirror.  The  rastering  mirror  allowed  us  to 
move  the  beam  across  the  target  instead  of  ablating  material  firom  a  single 
spot.  The  beam  was  reduced  ^rther  by  a  10"  focal  length  convex  lens  to  a 
1mm  size  spot  on  the  target  (power  density  =  10*  Wcm'^.  The  beam  enters 
the  vacuum  chamber  through  a  quartz  window  and  contacts  the  target 
mounted  at  an  angle  of  35"  relative  to  the  beam.  The  substrate  (TiN  (lOOnm) 
coated  silicon  wafer)  was  mounted  on  a  heated  stage  below  the  target  at 
varying  distances.  Substrate  temperatures  over  the  range  of  150  to  350C 
were  studied.  Ablation  of  the  target  molecular  sieves  generated  a  visible 
plume  of  material  that  varied  in  size,  shape  and  color  depending  upon  the 
experimental  conditions.  The  vacuum  chamber  was  also  equipped  with  a  gas 
manifold  and  pressure  gauge. 


Figure  I.  Over  head  view  of  setup  for  laser  ablation  experiments. 

X-ray  diffraction  patterns  were  recorded  using  a  Scintag  XDS  2000 
diffractometer  with  a  scan  rate  of  1  deg  min"’  and  a  chopper  increment  of 
0.0 1 .  Scanning  electron  micrographs  were  obtained  using  a  JEOL  JSM  840A 
SEM.  Diffuse  reflectance  infirared  spectra  were  measured  with  a  Nicolet  FT- 
IR  equipped  with  a  Nic  Plan  IR  microscope.  Thickness  and  Al/P  ratios  were 
determined  from  XRF  data  using  a  Rigaku  3550  WD  XRF  spectrometer. 


RESULTS  AND  DISCUSSION 

We  previously  observed  the  laser  ablation  of  dense  phase  AIPO4-H4 
resulted  in  partially  crystalline  thin  films  of  AIPO4  tridymite  and 
orthorhombic  AIPO4  [13].  It  was  encouraging  that  the  ablated  films  exhibited 
crystallinity  which  is  probably  not  the  result  of  splatter  since  the  thin  film 
phases  were  different  than  the  target.  Therefore,  we  initiated  a  series  of 
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ablation  studies  using  the  low  density  molecular  sieve  AIPO4-5  as  the  target 
material.  Figure  2  shows  a  typical  SEM  of  a  AIPO4-5  film  ~500nm  thick  that 
was  prepared  with  a  laser  pulse  energy  of  350  mJ  and  a  repetition  rate  of  4 
pulses  sec  *.  Although,  the  surface  morphology  lacks  any  well  defined  edges 
the  XRD  pattern  indicates  the  presence  of  AIPO4-5.  This  film  is  most  likely 
composed  of  molecular  sieve  fragments  that  are  aluminum  rich.  The  Al/P 
weight  ratio  of  the  ablated  surface  is  typically  in  the  range  of  1.4  to  1.8  as 
determined  by  XRF  and  is  fairly  independent  of  laser  energy  (150-350iiiJ)  or 


Figure  2.  Scanning  electron  micrograph  of  an  ablated  AIPO4-5  film. 

pulse  rate  (1-16).  The  thickness  increases  only  slightly  with  pulse  energ>’  but 
dramatically  increases  with  increasing  pulse  repetition  rate.  This  is  expected 
since  at  higher  pulse  rates  the  beam  heats  up  a  more  localized  area  which  in 
turns  generate  more  fragments.  Low  repetion  rates  (1-4  pulses  sec'*) 
generally  result  in  partial  crystallinity  for  the  AIPO4-5  surface,  whereas 
higher  repetion  rates  result  in  formation  of  tridymite  or  amorphous  films. 
The  thickness  abo  increases  with  ablation  time  and  decreases  with  target 
distance.  The  film  shown  in  Figure  2  was  prepared  after  5  minutes  at  a 
distance  of  1.3  cm.  The  addition  of  O2  (0.08  torr)  to  the  chamber  during 
ablation  increases  the  deposition  of  material.  This  effect  has  been  noted 
before  in  the  ablation  of  metal  oxides,  such  as  superconductors  [14],  In 
contrast,  the  addition  of  tripropylamine  (template)  to  the  TiN  substrate 
totally  inhibits  deposition  while  TPA  vapor  hinders  film  growth.  The  FT-IR 
spectra  of  AIPO4-5  ablated  material  indicate  the  presence  of  TPA  template 
whenever  the  substrate  temperature  was  <250C.  Higher  substrate 
temperatures  decompose  the  amine.  The  presence  of  template  inside  the 
molecular  sieve  does  not  appear  to  have  an  impact  on  the  ablation  process. 

In  order  to  enhance  the  surface  crystallinity  the  ablated  films  were 
subjected  to  a  post  hydrothermal  treatment.  Figure  3  shows  the  SEM  for  a 
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100  nm  film  (prepared  at  a  pulse  energy  of  250  mJ  and  a  repetition  rate  of  1 
pulse  sec  '  for  4  min)  that  was  heated  at  150C  for  24  hours  in  a  teflon  lined 
bomb  containing  an  AIPO4  gel  mixture  designed  to  prepare  AIPO4-5 
(Al20:}:P20r,;H20;TPA=l:  1;40;1).  During  this  period  the  morphology  changes 
from  amorphous  looking  spheres  to  a  crater  like  rehef  with  edges  that  are 
much  more  apparent.  The  XRD  pattern  indicates  a  highly  crystalline  pure 
phase  AIPO4-5  with  an  Al/P  weight  ratio  of  0.68.  The  thickness  of  this  film  is 


Figure  3.  Scanning  electron  micrograph  of  ablated  AIPO4-5  after 
hydrothermal  treatment  in  an  AIPO4  gel  for  24  hours. 

971  nm  which  is  much  too  thick  for  the  sensor  application.  However, 
thickness  can  be  controlled  by  shortening  the  reaction  time. 

The  nature  of  the  initial  target  is  quite  important  for  the  behaviour  of 
the  ablated  films  during  hydrothermal  treatment.  For  example,  an  ablated 
film  prepared  from  AIPO4-H3,  was  heated  in  a  gel  designed  for  AIPO4-5  for  4 
hours  resulting  in  a  highly  crystalline  AIPO4-H3  surface.  In  contrast,  an 
ablated  film  made  from  an  amorphous  AIPO4  target,  treated  under  the  same 
conditions,  was  covnverted  to  an  AlI’04-5  and  AIPO4-HI  surface.  In  both 
cases,  the  bulk  gels  produced  a  mixture  of  phases.  The  implies  that  the 
ablated  molecular  sieve  film  that  is  largely  amorphous  to  XRD.  seeds  the 
surface  and  reorganizes  under  hydrothermal  conditions  that  might  not 
otherwise  produce  that  phase.  This  is  supported  further  by  the  fact  that 
balnk  TiN  substrates  treated  under  the  same  conditions  are  amorphous  after 
4  hours.  Additionally,  ablated  films  from  calcined  AIPO4-5  targets  (i.e. 
template  free)  treated  in  the  same  AIPO4-5  gel  results  in  films  composed  of  at 
least  4  different  phases.  This  can  be  compared  with  ablated  films  containing 
TPA  template  where  only  pure  phase  /\iP04-5  is  observed  after  hydrothermal 
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treatment.  AlPO^-HS  and  -H 1  do  not  require  a  template  to  form  such  that  at 
extended  heating  times  lead  to  mixtures  of  these  two  phases.  However,  at 
short  times  (<2  hours)  pure  phase  A1P04-H1  or  H3  can  be  generated  firom  the 
corresponding  abalted  films  while  the  bulk  remains  amorphous. 

In  conclusion,  it  appears  that  laser  ablation  is  r  viable  method  for  the 
deposition  of  partially  crystalline  AlPO,j  molecular  sieve  thin  films. 
Hydrothermal  treatment  of  the  ahlated  films  lead  to  enhanced  crystaUinity. 
This  suggests  the  ablated  surfaces  composed  largely  of  molecular  sieve 
fragments  reorganize  and  seed  the  ^1  mixtures.  A  report  of  a  "memory" 
associated  with  the  reactivity  of  amorphous  films  obtained  from  sputtered 
zeolites  is  consistent  with  our  observations  [IS]-  Laser  ablation  appears  to  be 
a  viable  method  for  the  preparation  of  molecular  sieve  thin  films  that  have 
potential  applications  as  chemical  sensors,  membranes  and  catalysts. 
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ABSTRACT 

Bimetallic  catalysts  have  been  studied  intensively  because  of  their  unique  activity'  and 
selectivity.  Unsupported  alloy  catalysts,  however,  are  usually  of  limited  value  due  to  their  very  small 
surface  areas.  We  have  now  developed  a  sonochemical  synthesis  of  bimetallic  alloys  that  provides 
both  high  surface  areas  and  high  catalytic  activity.  We  have  produced  Fe-Co  alloys  by  ultrasonic 
irradiation  of  mixed  solutions  of  FelCO),  and  CofCOhlNO)  in  hydrocarbon  solverts.  The  alloy 
composition  can  be  controlled  simply  by  changing  the  ratio  of  precursor  concentrations.  After 
treatment  at  673K  under  Hj  flow  for  2  hours,  we  obtain  nearly  pure  alloys.  BET  results  show  that  the 
surface  areas  of  these  alloys  are  large  (10-30  m^/g),  TEM  and  SEM  show  that  the  alloy  particles  are 
porous  agglomerates  of  particles  with  diairt,ers  of  10-20  nm.  Sonochemically  prepared  Fe,  Co,  and 
Fe-Co  powders  have  very  high  catalytic  activity  for  dehydrogenation  and  hydrogenolysis  of 
cyclohexane.  Furthermore,  sonochemically  prepared  Fe-Co  alloys  show  high  catalytic  selectivity  for 
dehydrogenation  of  cyclohexane  to  benzene;  the  1:1  ratio  alloy  has  much  higher  selectivity  for 
dehydrogenation  over  hydrogenolysis  than  either  pure  metal. 


INTRODUCTION 

In  recent  years,  numerous  researchers  have  explored  the  use  of  bimetallic  catalysts  for 
heterogeneous  catalytic  processes  (1-3).  Bimetallic  iron-containing  alloys  have  held  special  interest 
because  of  their  industnul  applications.  Most  of  the  studies  in  this  area  have  been  done  on  oxide- 
supported  bimetallic  catalysts  because  the  usual  methods  of  preparation  do  not  give  sufficient  surface 
areas  to  be  effective  catalysts.  Several  studies  show  that  supported  Fe-Co  catalysts  have  greater 
activity  and  different  selectivity  for  CO  hydrogenation  (4-5).  We  have  developed  a  new  technique  for 
the  synthesis  of  high  surface  area  metal  alloys,  and  we  have  examined  the  catalytic  activity  Fe-Co 
alloys  for  alkane  reforming. 

Hiph  inteositv  ultrasound  is  a  new  tool  for  the  synthesis  of  nanostructured  metals  and  alloys 
througii  die  sonuchemitai  decomposition  of  volaiile  organometallic  precursors  (e.g..  Fe(CO)s, 
Co(CO)3(NO))  (6-8).  The  chemical  effects  of  ultrasound  originate  from  hot  spots  formed  during 
acoustic  cavitation  (the  formation,  growth,  and  collapse  of  bubbles  in  a  liquid)  (9-10). 
Sonochemically  prepared  Fe,  Co,  and  Fe-Co  alloys  have  high  surface  areas  even  after  heat  treatment 
by  Hr  at  high  temperatures,  and  they  are  therefore  suitable  for  heterogeneous  catalytic  studies.  We 
chose  to  examine  the  reforming  reactions  of  cyclohexane  in  order  to  test  the  catalytic  properties  of 
these  Fe-Co  alloys  on  surface-structure  sensitive  catalytic  reactions:  i.e.,  dehydrogenation  versus 
hydrogenolysis. 
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EXPERIMENTAL 


Iron  pentacarbonyl  was  used  as  received  from  Sfrem  Chemicals  without  further  purification. 
Tricarbonylnitrosylcobalt  was  synthesi2ed  by  the  reaction  of  dicabalt  octacarbonyl  with  in  situ 
generated  nitrogen  monoxide  [ll|.  Pentane  was  distilled  over  sodium-benzophenone,  decane  was 
distilled  over  sodium,  and  both  were  stored  inside  an  inert  atmosphere  box  (Vacuum  Atmospheres,  < 
I  ppm  Oj),  A  solution  of  Fe(CO)5  and  Co(CO)3(NO)  in  dry  decane  was  irradiated  at  273K  with  a 
high-intensity  ultrasonic  probe  (Sonics  &  Materials,  Model  VC-600,  0.5  in.  Ti  horn,  20  kHz,  100 
W/cm*)  for  3  hours  under  argon.  After  irradiation,  a  black  powder  was  formed,  which  was  filtered 
and  washed  with  dry  pentane  in  the  glove  box. 

X-ray  powder  diffraction  (XRD)  data  was  collected  on  a  Rigaku  D-Max  diffiactomer  using 
monochromatic  Cu  radiation.  Scarming  electron  micrographs  (SEM)  were  taken  on  a  Hitachi 
S800  electron  microscope.  Transmission  electron  micrographs  (TEM)  and  energy-dispersive  analysis 
of  X-ray  spectroscopy  (EDX)  were  taken  on  a  Phillips  EM  400T  electron  microscope.  Surface 
compositions  of  the  catalysts  were  determined  with  a  Perkin-Elmer  Phi  5400  X-ray  photoelectron 
spectrometer  (XPS)  using  a  magnesium  IC„  X-ray  source.  All  sample  preparations  and  transfers  for 
XRD,  TEM-EDX,  and  XPS  measurements  were  done  without  exposure  to  air. 

The  Fe-Co  alloys  prepared  by  ultrasound  initially  contain  some  carbon,  hydrogen,  nitrogen 
and  oxygen,  which  most  likely  arise  from  ;!.e  decomposition  of  the  alkane  solvent  and  carbon 
monoxide  and  nitrogen  monoxide  during  ultrasonic  irradiation  [12-13].  Hydrogen  (99.99%,  Linde) 
was  further  purified  through  5A  molecular  sieves  and  an  oxy-trap  (Alltech).  The  original  Fe,  Co,  and 
Fe-Co  alloys  were  heated  under  a  Hj  flow  at  673K  for  2  hours.  After  the  heat  treatment,  elemental 
analysis  results  showed  that  essentially  pure  Fe,  Co  and  Fe-Co  alloys  were  prepared.  All  results  and 
discussions  are  based  on  the  samples  after  heat  treatment  unless  otherwise  specified. 

A  specially  designed  gas-solid  microreactor  capable  of  both  static  manometric  and  flow 
GC/MS  analyses  was  used  for  both  adsorption  and  catalytic  studies.  The  catalysts  were  transferred 
from  an  inert  gas  box  to  the  catalysis  rig  without  exposure  to  air.  Surface  areas  were  calculated  by 
applying  the  BET  equation  to  the  Nj  adsorption  isotherm  measured  at  77  K. 

The  cyclohexane  (99+%,  Fisher)  was  dried  over  molecular  sieves  prior  to  use.  A  MKS  mass 
flow  controller  maintained  a  flow  of  hydrogen  (27.5  cm\STP)/min)  to  carry  cyclohexane  vapor  at  a 
constant  partial  pressure  of  0.09  atm  through  the  catalyst  bed.  The  cyclohexane  reaction  products 
(benzene  and  aliphatic  hydrocarbons)  were  analyzed  with  a  gas  chromatograph  (Hewlett-Packard 
5730A)  equipped  with  a  n-octane/Porasil  C  column  and  a  flame  ionization  detector. 


RESULTS  AND  DISCUSSION 


Synthesis  and  characterization 

Because  the  sonochemical  reactions  take  place  mostly  inside  the  cavitation  bubbles  in  a  liquid 
[9-lOJ,  a  good  precursor  should  have  a  substantial  vapor  pressure.  Fe(CO)5  and  CofCOjfNO)  were 
chosen  because  of  their  high  vapor  pressures  at  modest  bulk  solution  temperatures  where  they  are  still 
thermally  stable.  The  composition  of  the  Fe-Co  alloys  can  be  controlled  simply  by  changing  the  ratio 
of  solution  concentrations  of  the  precursors.  All  composition  ranges  can  be  produced  by  this  method. 
The  plot  of  Fe-Co  product  composition  versus  precursor  composition  is  shown  in  Figure  1 . 

The  solid-solution  nature  of  the  alloys  was  confirmed  by  TEM-EDX  results,  which  were 
made  on  different  spots  of  the  polycrystalline  alloy  powders.  The  EDX  results  show  that  the  alloys 
are  homogeneous  on  a  nanometer  scale. 
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The  original  Fe,  Co,  and  Fe-Co 
alloys  produced  by  ultrasound  are 
amorphous,  as  described  elsewhere  [6>8j. 
After  heat  treatment  under  H2  gas  flow  at 
673K  for  2  hours,  alt  samples  underwent 
crystallization. 

The  XRD  results  (Figure  2)  shew  no  peaks 
attributable  Co  iron/cobalt  oxide,  iron/cobalt 
carbide  or  other  irori/cobalt  impurity  phases. 
Pure  Fe  crystallizes  to  cubic  (bec)  structure, 
pure  Co  crystallizes  to  cubic  (fee)  and 
hexagonal  (hep)  mixed  structures.  All  the 
alloys  that  we  have  tested  so  far  crystallize  in 
the  bcc  structure.  These  XRD  results  are 
consistent  with  the  known  Fe-Co  equilibrium 
phase  diagram  [14]. 


Figure  1.  Sonochemical  preparation  of  Fe-Co 
alloys.  Composition  of  alloy  versus 
solution  precursor  concentrations. 
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Figure  2.  The  X-ray  diffraction  patterns  of  sonochemically  prepare  Fe,  Co,  and 
Fe-Co  alloys  after  heat  treatment  and  crystallization(673K,  Hj.  2  hrs). 


The  surface  areas  of  the  metals  and  alloys  after  heat  treatment  are  summarized  in  fable  I 
After  the  heat  treatment  under  gas  flow  at  673K  for  2  hours,  the  sonochemically  prepared  Fe-Co 
alloys  still  have  large  surface  areas.  Elemental  analysis  results  show  that  nearly  pure  metal  and  alloys 
are  produced.  SEM  at  high  magnification  indicates  that  these  materials  are  porous  aggregates  of 
small  clusters  of  10-20  nm  particles. 


Table  I .  Surface  areas  of  Fe,  Co,  and  Fe-Co 
alloys  (after  heat  treatment). 


Sample 

BEIfniVa) 

Fe 

1Z1 

FeoCo,, 

22JZ 

F«oCo* 

30.6 

FeaCo,! 

24,0 

Fet«Cog2 

21,3 

Co 

12.6 

Table  2.  Surface  and  bulk  Fe/Co  ratio 
(after  heat  treatment). 


Sample 

Fe/Co 

(Bulk) 

FeACo 

(Surface) 

^•sCO,y 

4.88 

5.32 

Fe^COa 

1,22 

1.45 

Fa^COa 

0.724 

0.757 

Fe»Co„ 

0,220 

0.254 
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Surface  electronic  structures  and  surface  compositions  of  the  sonochemically  prepared  Fe-t’c> 
alloys  were  also  examined  by  using  x-ray  photoeieciron  spectroscopy  (XPS).  The  XPS 
measurements  have  been  performed  on  heat  treated  samples  before  catal^ic  reactions.  The  electronic 
structures  of  these  samples  appear  to  be  the  same  as  the  pure  metals  (Fe  or  Co  on  the  surfaces).  The 
surface  compositions  of  the  alloys  demonstrate  some  enrichment  of  Fe  over  Co  (Table  2).  Similar 
trends  towards  an  iron-enriched  surface  have  been  reported  by  other  researchers  with  other 
preparations  using  coprecipitation  methods  [IS]. 

Catablic  studies 

The  cyclohexane  dehydi  ogenatton  and  hydrogenolysis  reactions  were  carried  out  in  a 
continuous  flow  system.  All  catalysts  were  treated  under  gas  flow  at  673K  for  2  hours  before  the 
catalytic  studies.  The  catalytic  activity  (in  terms  of  turnover  frequency  of  cyclohexane  molecules 
converted  to  benzene  per  surface  Fe/Co  atom  per  second)  as  a  function  of  temperature  is  shown  in 
Figure  3.  Two  kinds  of  products  were  formed  during  the  cyclohexane  reaction;  benzene  is  the  only 
dehydrogenation  reaction  product  and  aliphatic  hydrocarbons  (mostly  methane)  are  the 
hydrogenolysis  reaction  products.  The  catalytic  selectivity  (in  terms  of  the  percentage  of  benzene 
among  all  the  reaction  products)  as  a  function  of  temperature  is  shown  in  Figure  4. 
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Figure  3.  The  catalytic  activity  of  Fe,  Co,  and  FeCo  alloys  for  dehydrogenation 
of  cy  clohexane  to  benzene  as  a  function  of  temperature. 


The  catalytic  properties  of  the  sonochemically  prepared  Fe,  Co  and  Fe-Co  alloys  in  the 
cyclohexane  reaction  exhibit  interesting  trends.  First,  they  are  all  active  catalysts  for  cyclohexane 
conversion;  pure  Co  has  the  highest  activity  (albeit  primarily  for  hydrogenolysis),  pure  Fe  has  the 
lowest  activity,  and  Fe-Co  alloys  have  intermediate  activity  between  pure  Fe  and  pure  Co.  Second. 
Fe-Co  alloys  generate  much  more  dehydrogenation  product  (benzene)  than  pure  Fe  or  Co.  Third,  the 
1 ;  1  ratio  alloys  have  both  much  higher  dehydrogenation  activities  and  selectivities  at  all  reaction 
temperatures  (250°C  to  300°C)  than  the  other  alloys  or  pure  metals.  In  the  best  cases,  the  selectivity 
for  dehydrogenation  approaches  1 00%. 
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Figure  4  The  catalytic  selectivity  of  Fe,  Co,  and  Fe-Co  alloys  for  dehydrogenation 
versus  hydrogenolysit  of  cyclohexane  as  a  function  of  temperature. 


It  is  generally  assumed  that  geometric  (or  ensemble)  and  electronic  (or  ligand)  effects  are 
decisive  factors  in  controlling  the  catalytic  properties  of  alloys  [I,  16).  The  electronic  effect' 
concept  is  based  on  the  assumption  that  the  nature  and  the  strength  of  a  chemical  bond  between  an 
adsorbate  atom  and  a  surface  atom  (one  kind  of  metal)  are  influenced  by  the  neighbors  (another  kind 
of  metal)  of  that  surface  atom.  There  are  only  a  few  examples  known  of  bimetallic  catalysts  where 
ligand  effects  dominate  selectivity.  For  all  the  sonochemically  prepared  Fe-Co  alloys,  the  XPS 
results  show  that  the  surface  electronic  states  are  indistinguishable  between  the  alloys  and  pure  Fe  or 
Co.  The  XRD  results  also  show  that  the  Fe-Co  alloys  have  the  same  bulk  crystalline  structure.  It 
seems  likely  that  the  ‘ensemble  effect'  is  responsible  for  the  high  selectivity  of  the  1:1  ratio  alloys 
Further  experiments  using  chemisorption  and  temperature-programmed  desorption  are  underway  to 
probe  such  mechanistic  questions. 


CONCLl/SIOIVS 

We  have  developed  a  new  and  effective  way  to  generate  nanostructured  metal  (Fe  and  Co) 
and  alloys  (Fe-Co)  by  using  high  intensity  ultrasound  to  decompose  volatile  organometallic 
precursors  (Fe(CO);  and  Co(CO)j  (NO)).  The  sonochemically  prepared  Fe-Co  alloys  have  large 
surface  areas  relative  to  bulk  metal  even  after  heat  treatment.  We  find  very  high  catalytic  activity  for 
these  Fe,  Co,  and  Fe-Co  powders  for  the  dehydrogenation  and  hydrogenolysis  of  cyclohexane.  The 
sonochemically  prepared  Fe-Co  alloys  show  high  catalytic  activity  for  the  dehydrogenation  of 
cyclohexane  to  benzene,  with  1 : 1  ratio  Fe-Co  alloys  having  seleclivities  as  high  as  100%. 
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ABSTRACT 

Resonant  optical  excitation  of  fractal  clusters  generates  dipolar  eigeimiodes  whiclt  are  extremelv 
localized  within  areas  much  smaller  tliau  the  wavelength.  The  localization  occurs  tlue  to  tin' 
fraci^iJ  morphology  and  accounts  for  the  very  high  local  fields  leading  to  the  huge  eiiham  etnent 
of  various  optical  effects.  In  particular,  Rayleigh  and  Raman  light  scattering  and,  espe<  intly. 
nonlinear  optical  processes,  such  .'vs  2-photon  photoeinission  and  <iegenerale  four-wave  mixing, 
are  strongly  enhanced  in  fractal  clusters.  The  spatial  distribi  ion  of  the  modes  shows  the  fre¬ 
quency  and  polarization  selectivity. 


The  localization  of  dipolar  eigenmodes  can  lead  to  a  dramatic  enltancemenl  of  nrnny  opti- 
c<ij  elFocls  in  fractals  [1].  The  scaling  theory  of  collective  dipole  excitations  developed  in  Refs. 
[2-7]  predicts,  in  particular,  that  there  are  extremely  localized  modes  in  fractal  clusters  whi< !; 
concentrate  electrical  energy  in  regions  smaller  than  the  wavelength  [2,3].  Such  the  localization 
occurs  due  to  the  fractality  and  is  not  found  in  non-fractal  solids.  It  is  this  localization  of  opti¬ 
cal  excitations  in  fractal  clusters  that  account  for  the  very  high  local  fields  leading  to  the  huge 
enhancement  of  resonant  Rayleigh,  Raman  and,  especially,  of  nonlinear  light  scattering  [5,6].  In 
addition  to  the  localization  of  light-induced  dipole  excitations  fractality  can  result  in  the  local¬ 
ization  (tr'^pping)  of  the  light  itself  within  a  range  of  the  order  of  a  wavelength  [7].  .\ti  important 
property  of  the  interaction  of  light  with  fractals  is  the  very  strong  frequency  and  polarization 
dependence  of  the  spatial  location  of  the  light-induced  dipole  mo«les.  In  this  paper  we  present 
numerical  simulations  of  the  localized  optical  modes.  Our  direct  e;;p*‘rimental  ob.scrvalions  of  the 
optical  modes  on  silver  colloid  fractal  clusters  with  subwavelength  resolution  will  be  published 
el.sewhere  [8]. 

If  the  polarizability  Xo  (note,  we  use  notation  x  for  the  polarizability  rather  than  for  the  .su.s 
ceptibility)  of  particles  forming  a  cluster  possesses  a  resonance  at  wo,  then  at  Uuser  fr<‘quoncy  w’ 
close  to  Wo,  a  strong  interaction  between  light-induced  dipolar  moments  of  the  particle.s  occurs. 
This  requires  consideration  of  collective  dipolar  modes  in  a  fractal  cluster.  The  total  cluster 
polarizability  can  be  presented  in  this  case  as  follows  (2,-l] 

Xofl  =  -.(?  =  J3a„„Xn./).  Xn,..  =  -  A')  -  a„„  =  ^(if>|n).  (1) 

I  » 

where  v„  and  |n)  are  the  eigenvalues  and  eigenfuctions  of  the  operator  of  dipole-dipole  interaction 
V  among  particles,  Xn,o  >s  the  polarizability  associated  with  the  n-th  mode  that  contributes  to  the 
total  polarizability  with  the  weight  a„„  and  i  =  1.2,3,.,,JV,  Here  jV  =  (RclRn)°  is  the  number 
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of  uartiiiU's  in  a  fr.'ul-il  liiisior,  I)  iho  fracuil  diiiii'nsioii,  iic  aiui  Ha  rir<'  Ui*‘  ol  'ii 

111(1  a  lypicai  Sfparalion  bet’.voou  nearest  neighbour  particles  in  the  cluster,  respt  i  livolv.  in  Imj 
(It.  .V  —  -  Rf  is  the  ‘‘frequency’'  parameter  (in  the  victnily  of  the  resonance  .V  a  (w  - 
I'.ud  d  ~  is  (he  decay  constant,  which  is  small  for  a  resonance  with  high  quaJily-fador 

Q  -  follows  from  Eq.  (1),  when  the  frequency  variable  A'  is  close  to  one  of  th'’ 

•‘igeiiv;\in('s  c,,  of  the  lutcraciion  operator,  the  corresponding  mode  giv'es  the  resonant  contribnli*  -i; 
ro  tlu'  pohirizabiliry. 

I'he  interaction  V’  includes  in  general  the  near-zone  { nonradiative),  transitional  and  far  /.on»‘ 

'  raiiiative)  terms  of  the  dipole  held.  However,  it  was  shown  in  (oj  that  if  /fiJtA'I  >(Ri,/X)'^-^  for 
!'>  e  d  and  i{  /fybV|  ^  [HafX)}t  ‘  for  I)  >  2,  then  {)arti<'h's  {nxsition»‘d  at  (iistaincs  r,.  -- 

i!:  :  >  A  from  a  given  monomer,  i.  contribute  negligibly  to  the  local  tiehi  a(  ling  on  th:^ 

monomer.  In  this  t'ase  one  can  reduce  I'  to  the  llonnitian  near-zone  dipide-dipole  mtcraci  nm 
operator  [a] 

univ\j3)  =  1 'f 
( 0,  otherwise. 

As  was  shown  iii  (2,lj  the  dip^de  eigentno(h.s  are  localized  on  fractals  within  corn*lalioh  li>ngtli 
/,  \  given  by 

/„v  ~  ::i 

where  (i  is  an  index  called  the  opii«;il  spectral  dimension  1,0  <  d.  1)  [■_'!.  rorinnla  idj  wim 
*int  aiiu'd  by  a,s^mning  that  ( olk'ctive  excitations  of  coherence  lenglli  Lx  are  iuvariajk!  wit  !i  re.^iei. ' 
•'.>  the  .scale  transformation  Jf ,  due  to  the  self-similarity  [21.  in  accordance  with  Ibj.  (d) 

there  are  ru>n->:ontained  and  weakly-localizod  modes  in  the  vicinity  of  ‘lie  center  of  the  abs«.)rpth)n 
cojstour  (small  values  of  /?j^lA*|)  and  there  are  also  strongly  localized  modes  which  are  hxated 
towards  the  wings  t/^JlA'l  1).  For  the  most  strongly  loctilized  modes  A.v  —  /fy  <  A  {Ha  t^ 
of  an  order  of  the  size  of  the  particles  forming  a  cluster  and  typically  d  is  miirli  lo.ss  than  the 
wavoh.mgth  A|. 

Note,  that  the  localization  of  dipole  excitations  on  fractals  is  a  nontrivial  fact.  Since  the 
liipole-dipole  interaction  for  compact  aggre^Htes  {0  — ►  3)  is  long  range,  dipole  inodes  are  gener 
.lily  delocalized  over  the  entire  (  luster  in  non-fractal  solids. 

Ik’low'  we  present  nnmei  ical  simulations  of  local  fields  due  to  excitation  of  the  localized  dipole 
on  fractal  clusters.  Thc.se  modes  have  been  recently  observed  by  means  of  photon  scanning 
tufineii/ig  r7iK  ro.scopy  (PS  I  M)  |8).  by  operating  in  the  near-zone  of  the  dipole  fields  PSTM  can 
'■verconie  the  tfadilionaf  diffraction  binil  thereby  imaging  details  smaller  than  the  wavelength 
db. 

Wo  will  calculate  the  squared  modulus  of  the  local  field  (the  intensity)  which  is  the  .sum  i*f 
the  '■xtcrnal  field  of  amplitude  t'a^^  and  the  fields  of  the  dipoles  whilh  amplitudes 
iiidu‘  (’d  ill  the  particles  forming  the  cluste’-.  The  intensity  is  given  by: 

I  he  r<’sults  uf  our  nurnericai  siinulafion  of  the  intensity  distribution,  /(z,  y.  z  =  (d  local 
n'dds  due  to  the  excitation  of  dipoh'  eigenmodes  on  fractal  aggregates  are  shown  in  Figure  1. 

-A  .l-dimensiona!  clu.ster  with  N  ~  512  was  generated  assuming  cluster-cluster  aggregation 
[10;  s  D  %  1.7H).  'riie  3  D  cluster  was  collapsed  to  its  2-dimensionaI  projection  simnla^ng  closely 
tl;*'  cxpi'rimental  situation  of  the  PSTM  imaging  [8J.  The  dipole  excitations  and  local  fields 
vahu'H  were  calculated  using  equations  (l)-(2)  and  (4),  and  assuming  the  followdng  parametei 
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\IU„,  -  00. 


(*>  =  1}»  zq!  —  2  wli»?re  is  th**  radius  <»f  particles  aiul 

1  ho  figure  shows  /(x,y)  at  tw'o  values  of  the  light  frequency  and  for  both,  s  and  p,  polariza- 
>  ions.  Note  that  the  intensity  of  local  fields  strongly  fluctuates  and  it  is  significantly  larger  than 
itio  external  field  in  spatially  localized  regions  of  the  cluster. 


Fig.  1: 

horal  field  intensity,  /(x,  j/),  of  the  light-induced  dipole  modes  calculated  for  a  fractal  aggregate. 
A)  and  B):  =  —0.1,  s-  and  p-polarizations,  respectively;  C):  X  ~  —0.25,  .s-polarization. 

The  linear  dimension  of  the  high-local-field  regions  in  Fig.  1  varies  from  mode  to  mode.  On 
average  a  mode  .spans  several  hundred  A  when  =  lOOA.  The  frequency  and  polarization 
sensitivity  of  the  mode  loca'  >ation  is  evident  in  Figure  i:  a  change  of  either  light  frequency 
(parameter  A')  or  polarization  results  in  the  excitation  of  new  resonant  modes  with  different 
sputial  locations  and  intensities. 

Fractals  clusters  resulting  from  cluster-cluster  aggregation  of  colloid  particles  are  random. 
I  f.eir  scale-invariance  is  statistical.  Spatial  localization  of  light-induced  dipole  modes  and  their 
sensitivity  to  polarization  and  frequency  should  also  be  observed  on  geometrically  ordered  frac¬ 
tals.  Fig. 2  shows  /(x,y)  for  Vicsek  cluster,  using  parameters  similar  to  those  used  previously  to 
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1- ig.  1  i'XCfpt  that  Xj  iim  ~  “■'>-  Again,  strong  localization  of  the  opliral  excitations  is 

evnlert! . 

Inlorestiiigly,  there  is  no  symmetry  in  the  positions  of  the  light-induced  eigenmodcs  despite  the 
high  syintnelry  of  the  Vicsek  fractal.  The  symmetry  breaking  results  from  the  incommensurate 
structure  of  the  light  field  with  respect  to  that  of  the  cluster.  Specifically  it  is  the  introduction 
ol  the  two  voc.tor.s,  and  together  with  the  tensor  character  of  the  dipole-dipole  interaction 
tliat  breaks  symmetry 


Fig.  2:  I,c»cai  field  intensity,  /(x,y),  of  the  light-induced  dipole  modes  on  a  Vicsek  fractal. 

A)  and  B):  ^-polarization,  X  =  -0.1  and  X  =  -0.2.5,  respectively. 

A>  vea.s  .shiAvn  above  dijmle  eigeumodes  on  fractals  "produce"  small  regions  of  very  high 
‘■n*‘rgy  density  and  therefore,  they  act  in  some  sense  similar  to  optical  len.ses.  Since  the  modes  on 
iiactahs  are  mostly  due  to  the  dipole-dipolo  interaction  in  the  near-zone  the  localization  length  is 
.-‘ignificaut!.,  Mualler  tlian  the  wavelength.  Thus  the  excitation  of  the  resonant  modes  should  lead 
to  «  xtremly  liigh  local  fields  resulting  in  its  turn  in  giant  enhancement  of  many  optical  processes 
'll!  fractals. 

Local  fields,  Ei,  of  the  resonant  modes  excc<'d  the  external  one,  by  quality-factor  Q 

which,  for  example,  for  silver  colloid  clusters  is  10^.  The  fraction  of  monomers  involved  into 
ri’sonant  excitation  is  small,  ~  Q”*,  and  therefore,  linear  optical  processes  are  not  ultimately 
<Mihanced  (note,  henvevor,  that  for  metal  aggregates  this  conclusion  is  restricted  to  the  visible  and 
the  near-infrared  portion  of  the  spectrum  when  one  can  neglect  the  Ohmic  current  in  comparison 
with  the  displacement  current).  For  nonlinear  optical  process,  oc  one  obtains 

<  \Ei/E^^Y  >-  X  g-‘  -  >  1  1.5) 

where  the  angle  brackets  denote  averaging  over  ensemble  of  clusters.  The  estimation  (5)  is  valid, 
in  general,  for  .systeni.s  with  in  homogeneous  broadening.  In  the  ca,se  of  fractals  inhomogeneous 
broadening  occur.s  due  to  the  spatial  localization  of  modes  in  small  areas  of  a  cluster  which  have 
-lifferenl  local  structures  and  therefore  are  characterized  by  different  eigenfrequencies.  Thus,  the 
localization  of  dipolar  modes,  inhomogeneous  broadening  of  the  spectrum  and  the  enhancerent 
optical  processes  in  fractals  are  mutually  connected  properties  in  optics  of  fractals. 
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[\\v  ♦•nlwuut'iiiiMit,  (i\  of  optical  procojisos  due*  to  aj;;gro^!;ation  of  initially  isolated  paiUilcs 
tni.)  fractal  (lust(‘r  can  be  presented  in  general  as 

fj-o-'fiKgiA'n  H,) 

u  (mtc  is  .jji  integer  and  F  is  a  function  of  dinionsionless  parameter  /?yl.Vj.  I'sing  the  model 
if  rajidomly  decimated  (deliUed)  fractals  [2]  it  was  shown  that  F  has  power-law  ilepeiidence  [5i. 

!7i 

for  H.iyleigh  -•  1)  Kaman  (or  =  3)  scattering.  For  the  cluster-cluster  aggregati-vn  the 
'  >1)1  ica!  spectral  dimension  is  0..'f  [o].  In  particular,  formula (8)  describes  well  the  ev peri ineti tally 
v>l'servi’d  spectral  dependence  of  surface-enhanced  Raman  scattering  (SFRS)  on  silver  cc)Iloi<i 
aggregates  [5].  The  largest  enhancemem  is  expected  for  nonlinear  light  scattering  like  degenerate 
four  wave  mixing  ( DKWM).  In  this  case  one  obtains  [5]: 

(S) 

The  (‘xperimantally  o['ser\*-d  enl.ancenjent  of  OFWM  on  silver  fractal  colloids  ((5]  j.s  in  (pjalitative 
.iure<-jm*t;t  wi’h  that  prv'dicted  by 

lo  cnnclud*-,  in  agreement  with  the  theoretical  predictions  our  nurnorical  sitnulation.s  ib  /tjf)!! 
•e.rat''  the  strung  spatial  locali/ation  uf  the  resonant  eigeivnutdes  in  a  fractal  cluster  and  tln-lr 
fri'ipn  ncy  and  poUui.'.alion  seh'ctivily.  The  results  of  the  simulations  are  similar  to  our  <  \peri- 
J  -  •  ’.dly  ob.^ervod  i'ST  images  (which  will  be  published  elsewhere  (8))  of  the  localized  modes  in 

. . .  fractal  colloid  clusters.  This  verifies  the  iiuiin  concept  predicted  for  the  resonant  optics  of 

f:.i<  r.d."  ;1  7-  and  e.xplains  the  giant  enhancemeni  of  optical  processes  in  fractals. 
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ABSTRACT 

Conventional  Nb- Ti  superconductors  are  optimized  by  thermal  and  mechanical  treat 
ments  which  ultimately  produce  a  nanostructure  consisting  of  1  ‘Jiim  thick  ribbons  ol  a-  1  i 
dispersed  in  a  matrix  of  ;3-Nb-d’i.  Several  groups  are  now  investigating  artificial  dispel 
sions  of  second  phase  in  .Nb  I'i  which  may  develop  stronger  flux  pinning  nanostructures. 
However,  these  new  methods  generally  require  true  strains  of  30  or  more.  W'e  avoid  these 
large  strains  (and  their  associated  problems)  by  forming  our  composites  from  a  mixture 
of  ~50prri  size  Nb  and  Nb-Ti  powders,  thus  permitting  the  desired  nanostructure  to  be 
produced  with  strains  of  order  12.  .Nb  pinning  particles  were  found  to  develop  an  irregular 
shape,  tending  to  nanometer  thick  ribbons  at  large  strains.  The  final  size  nanostructnr<’ 
resembles  conventional  Nb-Ti.  except  that  the  ‘"second”  phase  is  .Nb  rather  than  o  Ti.  The 
critical  current  density  {Jc)  was  found  to  increase  by  over  two  orders  of  magnitude  to  peak 
values  of  5490  and  IDSOA/rurn^  at  2  atid  .5T  as  the  particle  thickness  was  reduced. 

INTRODUCTION 

The  level  of  critical  current  density  {Je)  in  conventionally  processed  niobium-titanium 
is  dependent  upon  the  amount  of  second  phase  that  can  be  produced  (Ij.  I'nfornmately. 
thermodynamic  and  kinetic  restrictions  limit  the  amount  of  second  phase  attainable  to 
~20vol'?f  .  Several  investigators  (2-6)  have  attempted  to  introduce  the  second  phase  artifi¬ 
cially  to  overcome  these  limitations  (thus  these  conductors  are  described  as  artificial  pinning 
center  (.APC)  conductors).  In  the  majority  of  these  conductors,  handling  considerations  re- 
(piire  that  the  .second  phase  be  quite  large  (a  few  mm  dia. )  at  billet  a.s.senibly.  1  Unfortunately, 
this  means  that  the  composite  requires  a  large  fabrication  strain  (e=  2  ln(/J„/Z)/ ),  where  O,. 
and  Df  are  the  initial  and  final  diameters  respectively)  in  order  to  reduce  the  second  phase 
to  its  optimum  size  which  is  comparable  to  or  less  than  the  superconducting  coherence 
length  (f).  ~5nm.  Typically  strains  on  the  order  of  30  are  required  for  a  hand-a-ssembled 
APC  conductor,  versus  about  12  to  optimize  conventional  Nb-Ti.  In  fact,  most  attempts 
at  developing  APC  conductors  have  experienced  fabrication  problems,  largely  as  a  result 
of  the  extreme  mechanical  deformation  required.  However,  if  the  initial  size  of  the  second 
phase  is  on  the  order  of  tens  of  microns,  then  the  strain  needed  is  only  on  the  order  of 
12-J6,  and  some  of  tlie  fabrication  difficulties  sliould  be  avoided.  Powder  Metallurgy  (PM) 
is  one  way  to  introduce  a  micron-sized  second  phase. 

EXPERIMENTAL  DETAILS 

•Many  of  the  details  of  the  billet  fabrication  are  contained  in  our  U.S.  patent  [7j,  and  only 
the  variations  specific  to  this  work  will  be  given  here.  A  20vol%Nb  billet  was  fabricated  from 
l,5g  Nb  and  40g  Nb-55wt%Ti  powders  which  were  blended  and  pressed  into  a  1.5. 9x  12.7mm 
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Table  1:  Powder  chemical  analysis. 


Powder 

B 

Nb-,55wt%Ti 

8 

1120 

80 

Nb 

30 

670 

<  30 

(ODxTD)  copper  extrusion  can.  The  billet  wris  evacuated  to  <  10'*  Pa,  sealed  and  hydro¬ 
statically  extruded  at  250C  with  an  area  reduction  ratio  of  25.  The  composite  rod  was 
drawn  into  l  .Sinin  diameter  wire  and  cut  into  85  pieces.  The  copper  was  etched  off  before 
rebundling  the  filaments  into  a  second  extrusion  can.  This  bundled  filament  conductor  wa.-. 
re-extruded  and  then  drawn  into  wire  having  diameters  down  to  80pm. 

The  microstructure  was  characterized  in  transverse  cross  section  using  SbM  secoiidai  v 
electron  and  backscatter  imaging  techniques;  TF,M  techniques  were  used  on  the  finer  scale 
structures.  Transparencies  were  placed  on  200x250mm  prints;  tracings  were  made  of  the 
Nb  particle  outline  and  these  were  scanned  into  a  computer-based  image  analysis  system 
in  order  to  determine  .\b  particle  area,  perimeter  and  thicknes.s.  as  outlined  below  The 
superconducting  critical  current  density  [J,)  measurements  were  made  on  wires  from  the 
original  monofilament,  as  well  as  from  the  bundled  (85)  filament  conductor,  resistivity 
criterion  of  10"‘'’nm  was  used  to  determine  the  critical  current  (41,  and  the  voltage  taps 
were  set  33cm  apart[8].  The  superconducting  area  was  found  by  a  weigh  and  etch  technique; 
both  the  Nb  pinning  centers  and  the  Nb-Ti  matrix  were  included  in  the  area  wbicli  was 
Used  to  calculate  d,  from  4-. 


RESULTS 

Two  different  types  of  starting  powders  were  used;  PREP  (Plasma  Rotating  Electrode 
Process)  N'b-55wt%Ti  for  the  matrix  and  iiydride-grind-dehydride  (HGD)  .Nb  for  the  pin¬ 
ning  center.  The  starting  powder  shapes  are  quite  different  due  to  their  different  fabrication. 
Being  melted  to  shape(9),  the  matrix  powder  (Figure  !)  was  slightly  rough  but  spherical. 
Cross  sections  revealed  a  dendritic  structure  with  perhaps  some  uiimeited  regions.  Ihe  in 
dividual  PREP  powder  particles  are  apparently  single  grained.  The  HGD  Nb  pinning  center 
powder  was  angular  in  sl..vpe  (Figure  1)  owing  to  the  mechanical  grinding  used  to  powder 
the  material.  The  Nb  powder  was  polycrystalline,  typically  containing  a  few  grains  per 
particle.  According  to  Table  1,  the  oxygen  content  of  Nb-55wt%Ti  powder  was  ll20ppm, 
within  the  range  common  for  Nb  .55wt%Ti  ingots.  However,  the  670ppm  seen  in  the  Nb 
is  about  an  order  of  magnitude  higher  than  normally  obtained  in  ingot  Nb.  The  oxygen 
content  did  not  appear  to  adversely  affect  the  drawability  of  the  composite. 
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Figure  1:  Secondary  electron  image  of  the  PREP  Nb-55wt%Ti  powder  used  as  matrix 
material  (a),  backscatter  electron  image  of  a  PREP  powder  cross  section  after  etching 
lightly  (b),  and  secondary  electron  image  of  the  hydride-grind-dehydride  Nb  powder  used 
for  the  pinning  centers  (c). 


<=3.2  25pm  <=7.2  5pm  <  =  11  lOOnm  <=14  20nm 

(,V!>=3.3pm  *  '  (;vi=740nm  ''  =91nm  (,vi>=24nm  '  ' 


Figure  2;  Secondary  electron  SEM  tr.  era  ^  (a  and  b)  and  TFIM  images  (r  and  d) 
showing  the  change  of  size  and  shape  of  ■  c.  ’Ovol%Nb  .APC  conductor  as  a  function  of 
strain. 

Figure  2  shows  the  microstructure  as  a  function  of  strain.  At  a  strain  of  e  ~  3.22,  the 
Nb  particles  have  developed  a  highly  eispected  ribbon  morphology  and  are  quite  variable 
in  size  (Nb  particle  cross  sections  ranged  from  7-720pm^),  especially  when  compared  to 
the  starting  powder  (Figure  1,  ~90%  of  the  powder  was  45-75pm).  The  Nb  particles 
became  more  uniform  in  size  and  the  ribbon  shape  more  pronounced  as  wire  drawing  strain 
increased  (Figure  2b).  Beyond  <~  7  the  Nb  particles  were  <.'j  longer  fully  resolvable  in 
our  SEM.  Figure  2c  and  2d  show  TEM  images  of  the  nanostructure  at  strains  of  ~U  and 
~14.  An  interesting  feature  of  the  final  nanostructure  is  that  grain  boundaries  are  not 
constrained  to  either  the  Nb  or  Nb-Ti  and  can  pass  from  one  to  another. 
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Figure  3:  Calculated  Nb  particle  thickness  (t/Mi,)  vs.  filament  diameter  for  the  Nb'),')wt‘'f  1  i 
+  20vol%Nb  conductor. 


Strain 


Figure  4:  Critical  current  density  vs.  calculated  Nb  pinning  center  thickness  and  measured 
fabrication  strain. 

Figure  3  plots  the  average  Nb  particle  thickness  (tsi,)  vs.  the  superconducting  filament 
diameter  (d,  which  is  based  on  the  original  monofilament  diameter).  The  thickness  was 
calculated  from  the  measured  Nb  particle  areas  (A)  and  perimeters  (p)  using  a  rectangular 
model  for  the  particles.  This  model  is  equivalent  to  performing  a  shape  transform  on  the 
irregular  Nb  ribbons.  Such  a  calculation  returns  the  average  thickness  of  the  particles  and  is 
similar  to  several  standard  characterization  techniques  [lOj  .  The  average  particle  thickness 
is  calculated  from: 


p  -  v/p^  —  16/1 


(1) 


A  linear  (log-log)  extrapolation  was  made  to  estimate  t/vk  as  the  composite  reached  peak 
Jc  because  direct  SEM  measurements  were  not  possible  due  to  the  nanometer  scale  mi- 
crostructure. 

The  superconducting  critical  current  density  as  a  function  of  e  and  Ini,  is  given  in 
Figure  4.  Peak  Jc  values  were  reached  within  a  strain  of  about  13.5  (tjvk  ~  30nm)  with  a 
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^  and  a  at  5T  of  l980.'4/mr?i^.  A  sharp  peak  in  Jc  vs.  strain 

was  observed  at  21;  however,  a  gradual  “softening”  of  this  peak  oecurred  as  the  field  was 
increased,  until  a  peak  was  barely  observable  at  7T. 

DISCUSSION 

Hy  using  the  I\\l  approach  we  have  been  able  to  produce  a  nanometer  scale  artificial 
pinning  center  microstructure  in  a  rediued  strain  space.  The  intrinsic  superronducl irig 
prt>perties  of  these  conductors  are  strongly  related  to  their  microstructure  [11].  Both  NV>-1  i 
and  Nb  are  bcc  metals  which  develop  a  (1 10)  texture  during  extrusion  and  wire  drawing. 
I  nfortunately.  the  (1 10)  texture  provides  only  2  active  slip  directions  during  wire  drawing, 
and  individual  grain  deformation  must  occur  in  a  plane  strain,  rather  than  axisymetric 
mode  [12.  13].  As  a  result,  grains  become  highly  aspected  and  inter-curl  in  order  to  provide 
a  macroscopically  uniform  deformation  (see  Figure  2).  Heussner  et  al.  |M]  sliow'ed  that  the 
initial  grain  size  plays  a  major  role  in  controlling  the  shape  instability  of  Nb-foil-wrapped 
Nb- I'i  rods,  and  Cooley  et  al.  |loJ  showed  that  the  overall  particle  shape  could  be  main- 
taine<l.  at  least  down  to  lUOnm  diameter,  in  a  gunharrel  drilled  NV)-Ti/Nb  .\P('  comj)osite 
b>  starting  with  fine  grained  materials.  Indeed,  it  was  showui  th..‘  iiie  pitming  c<‘mer  shape 
in  Cooley  s  coinposite  could  be  destroyed  within  a  .strain  of  1-2  after  a  rerrysiaJlization 
ht'at  treatment  if  the  resulting  grain  size  was  too  large  (16).  Conserpienlly.  graiti  size  is  a 
critical  factor  in  determining  the  particle  shape  that  results  from  axisymetric  ‘hdormaiion 
of  Nb-’I'i/.\b  composites. 

(  nliko  an  earlic'r  PM  APC  composite  [17]  containing  10vol‘^Nb  in  which  the  J,  values 
were  compromised  by  broken  filaments,  the  present  conductor  showed  no  sign  of  brok<ui 
tiiainents.  or  of  longitudinal  filament  irregularity  (sausaging).  Thus  the  present  results  rep 
resent  an  opportunity  to  determin<‘  the  'intrinsic”  flux  pinning  characteristics  in  Nb-  I'i. 
While  gootl  superconducting  properties  were  obtained,  it  does  app<»ar  that,  further  im¬ 
provements  are  possible.  One  factor  which  may  control  the  properties  is  the  breadth  of 
the  di.stribution  of  Nb  pinning  center  thicknesses  which  results  in  a  similar  breadth  in  the 
elementary  pinning  forces  (/p)  between  the  individual  vortices  and  pins.  The  +/— 2(7 
values  varied  by  nearly  a  factor  of  5  al  the  optimized  Jc  wire  size  (Figure  3).  As  Cooley  et 
al.  [18]  showed,  a  broad  distribution  in  fp  results  in  increased  flux  pinning  at  low  fields  at 
the  expense  of  flux  pinning  al  high  fields.  This  is  consistent  with  the  behavior  observed:  the 
high  field  .7-  for  this  alloy  is  in  any  case  less  than  that  in  Nb-47wt%Ti  because  the  upper 
<  ritical  held  is  ~2T  lower.  Thus  further  improvement  in  high  field  Jc  can  be  obtained  by 
minimizing  the  di.stribution  in  and  increasing  the  upper  critical  field  to  that  comparable 
to  N'b--17wt9c'Ti. 
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